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The ability to hyperhydrate has been shown to negate the deleterious effects of 
hypohydration due to long-term exercise in a heated environment. The purpose of this 
study was to examine the efficacy of two hyperhydration strategies during exercise-heat 
stress and the resulting physiological strain. Ten trained subjects (5 M, 5 F) performed two 
3 hour exercise trials in a heat chamber (32^C). Exercise trials included two hydration 
regimens and were completed in a randomized double blind fashion. The experimental 
solution contained 1 g glycerol/kg BW mixed with 21.4 ml H^O/kg BW. The control 
solution was the same as the experimental solution without the addition of glycerol. 
Solutions were ingested over a period of 90 minutes prior to the extended work bout. 
During the work bout, subjects completed treadmill walking (50% VO^ max) and simulated 
fire line building. This design was used to best simulate a typical wildland firefighting 
work protocol. Subjects were given water to drink during the exercise so that the total 
amount of liquid taken in was equal to 5 ml/kg per 30 minutes, accounting for the amount 
of saline needed to keep the venous catheter open. Following the extended work bout, a 
performance trial was done on the digging treadmill. No statistical difference was found 
between the two hydration strategies for the variables of heart rate, plasma osmolality, core 
temperature, sweat rate, %-body weight loss, plasma volume changes, and post exercise 
performance. The data did show that the glycerol hyperhydration strategy resulted in a 
significant reduction in urine output over the length of the entire trial (p< 0.05). These data 
suggest that glycerol is distributed throughout all fluid compartments and not just 
extravascularly as previously thought. Based on the data collected it was concluded that 
there was no difference between the two hyperhydration strategies when euhydration was 
maintained during exercise-heat stress. Further research should consider the mechanisms of 
glycerol’s ability to increase TBW and gender differences in response to an exercise-heat 
stress.
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Chapter One: Introduction 
Introduction
The hydration state of an individual plays a very important role in the maintenance of their 
homeostasis. The ability to maintain homeostasis is especially important in activities that are 
long in duration and may involve a heated environment (Greenleaf, 1992; Sawka, 1992). 
Hydration state can be divided into three areas: hyper-, eu-, and hypohydration. The 
hydration state of a person is determined simply by the formula fluid intake minus fluid 
loss. As fluid loss exceeds fluid intake, hypohydration is experienced. As fluid intake 
exceeds fluid loss, hyperhydration is experienced. A state of hypohydration can have many 
negative effects on physiology of the human body. Some of these may include an increase 
in core temperature (Koenigsberg et al., 1995; Lyons et al.. 1990; Riedesel et ai., 1987), 
an increase in heart rate due to decreased ability to maintain stroke volume and plasma 
volume (Lyons et al., 1990; Sawka, 1992), a decrease in cognitive ability (Sawka, 1992), 
and a decrease in cutaneous blood flow (Lyons et al., 1990; Riedesel et al., 1987). These 
all lead to a decrease in aerobic performance and a reduction in the ability to handle heat 
stress (Koenigsberg et al., 1995; Lyons et al., 1990; Riedesel et al., 1987; Sawka, 1992).
The negative effects of hypohydration may be avoided or delayed as long as a person 
maintained euhydration, or achieved a state of hyperhydration (Gruzca et al., 1987). 
Hyperhydration would allow a reservoir of fluid to be formed to offset the fluids lost 
during the dehydrating environment. Hyperhydration is achieved by ingesting large 
amounts of fluids. The problem with this is that ingesting large amounts of fluid can be 
uncomfortable and that the state of hyperhydration would last for only a short period due to 
the rapid response of the renal system (Gruzca et al., 1987; Lyons et al., 1990). Thus, 
hyperhydration would work against the deleterious nature of hypohydration, but only for 
short periods.
The hyperhydrated period might be extended, it was found, by adding glycerol to the fluid 
ingested (Lyons and Riedesel, 1993; Riedesel et al., 1987). Glycerol is a natural metabolite 
with polarity, suggesting osmotic action. This means that the fluid compartments that 
glycerol enters after ingestion, water will follow (Lyons and Riedesel, 1993). Glycerol is 
gluconeogenic, equilibrates rapidly with most body tissues, and has been shown to be safe 
for human consumption with an oral dose of Ig/kg BW every 6 hours (Lin, 1977). It has 
been hypothesized that after ingestion, glycerol will move out of the bloodstream and 
become evenly distributed throughout the body’s fluid compartments. This means that fluid 
will move out of the bloodstream, reducing excretion by the kidneys (Lyons and Riedesel, 
1993). Glycerol added to water has been shown to deter the effects of hypohydration for 
up to 4 hours (Riedesel etal., 1987). This could be of benefit physiologically to long term 
activities in hot environments, by lessening the possibility of hypohydration and it’s 
subsequent negative effects.
Problem
The purpose of this investigation is to determine if the use of glycerol added to water (1 
g/kg BW + 21.4 ml H^O/kg BW) ingested prior to an extended (3 hrs) work period in a hot 
environment (32°C), could help to lessen the negative effects of hypohydration as 
compared to the use of water (21.4 ml H^O/kg BW) alone.
Subproblem
The information obtained could be used for any activity where hypohydration could be a 
problem. This study will be made available to the United States Forest Service (USFS), to 
help wildland firefighters and fire managers learn more about fluid replacement.
Research Hypotheses
Hypothesis One
There will be a difference in heart rate, such that the values obtained during the glycerol 
trial will be lower than those obtained during the placebo trial.
Justification
During exercise in the heat for long periods, there is a decrease in plasma volume to help in 
handling the heat stress (Sawka et al., 1985). This decrease in plasma volume leads to a 
decrease in cardiac output (Q= HRxSV), due to the decline in stroke volume. In order to 
maintain cardiac output, heart rate must be increased. Since glycerol may work to maintain 
plasma volume (Murray et al., 1991), it follows that HR may not have to be increased to 
maintain cardiac output at the same work loads (Montner et al., 1996).
Hypothesis Two
There will be a difference in plasma osmolality, such that the values obtained during the 
glycerol trial will be higher than those obtained during the placebo trial.
Justification
As glycerol is absorbed into the bloodstream, plasma osmolality may increase (Murray et 
al., 1991). An increase in plasma osmolality is a stimulus for the secretion of ADH. This 
could result in lower urine production which saves water to be used to counter the effects 
of hypohydration.
Hypothesis Three
There will be a difference in core temperature, such that the values obtained during the 
glycerol trial will be lower than those obtained during the placebo trial.
Justification
Glycerol may provide a fluid reservoir so that plasma volume can be maintained (Murray et 
al., 1991). As plasma volume is maintained, more blood will make it to the skin to be
cooled. Thus increasing the capacity for evaporative cooling. Since there is a greater 
capacity for cooling, it is proposed that core temperature will be lower during the exercise 
portion of the glycerol trial than when compared to the placebo trial.
Hypothesis Four
There will be a difference in sweat rate, such that the values obtained during the glycerol 
trial will be higher than those obtained during the placebo trial.
Justification
Sweat rate is calculated by looking at changes in body weight pre and post work bout 
taking into account the weight of the liquids ingested and the weight of the liquids lost due 
to urination and respiration. As the body heats up, more blood is shunted to the skin to help 
cool the body through the formation of sweat. The water that forms the sweat comes from 
the plasma portion of the blood. Since glycerol will work to maintain plasma volume, the 
amount of blood flow to the skin will be maintained (Lyons et al., 1990). Usually with 
long term exercise, plasma volume is decreased and blood flow to the skin decreases. This 
results in a decreased sweat rate. By maintaining plasma volume, blood flow to the skin 
will be maintained (Lyons et al., 1990) and therefore, sweat rate will be maintained higher 
during the experimental trial than during the control trial.
Hypothesis Five
There will be a difference in urine output during the testing, such that the values obtained 
during the glycerol trial will be lower than those obtained during the placebo trial. 
Justification
During the glycerol trial, the entrance of glycerol into the blood may stimulate an increase in 
ADH (Murray et al., 1991). ADH (anti-diuretic hormone) is responsible for slowing down 
the formation of urine. Without a stimulation of ADH secretion during the control trial, the 
fluid that is consumed in the pre-hydration period will be quickly excreted and result in the
formation of a greater volume of urine during a testing period (Lyons and Riedesel, 1993; 
Lyons et al., 1990; Montner et al., 1996).
Hypothesis Six
There will be a difference in body weight loss, such that the loss during the glycerol trial 
will not be as great as the loss during the placebo trial.
Justification
Glycerol may work to help maintain the body’s fluid reservoir. During exercise a person’s 
fluid reservoir is quickly depleted, due to the increased formation to help attenuate rise in 
core temperature. As sweat rate in increased, the body’s fluid reservoir is depleted, thus 
lowering body weight. With the use of glycerol, body weight may be maintained due to the 
maintenance of the body’s fluid reservoir.
Hypothesis Seven
There will be a difference in changes in plasma volume, such that plasma volume will 
occupy a greater percentage of blood volume during the glycerol trial compared to the 
placebo trial.
Justification
As a person exercises in the heat, plasma volume decreases due to increased formation of 
sweat (Fortney et al., 1981). Thus, without a fluid reservoir to replenish the water lost 
from the plasma, plasma volume will decrease. During the glycerol trial, the fluid reservoir 
may be increased and therefore the plasma volume may be better maintained then when 
compared to the placebo trial (Murray et al., 1991 ; Riedesel et al., 1987).
Hypothesis Eight
There will be a difference in performance time such that the times obtained during the 
glycerol trial will be shorter than the times obtained during the placebo trial.
Justification
By maintaining stroke volume, and therefore cardiac output, heart rate will not increase as 
much as in the control trial, sparing heart energy stores. Since the heart is using less 
energy, more may be available during the performance trial (Montner et al., 1996). 
Glycerol has been shown to improve performance during cycling trials (Montner et al., 
1996; Seifert et al., 1995).
SIGNIFICANCE OF THE STUDY
Whereas past studies have looked at glycerol in a research setting without respect to what 
could be done outside of the lab, this study will try to bridge the gap between what is done 
in the lab and what is able to be done in the field. The results of this study, if found to be 
significant, will be of direct benefit to activities that involve extended work bouts in a hot 
environment. Since the protocol used during this experiment is modeled after the work of 
wildland firefighting (i.e. extended workbouts in a hot environment), the results will be of 
direct benefit to this population. If significant, the results will show a way to delay the 
effects of heat stress, and increase performance for an extended period in a hot 
environment.
RATIONALE FOR THE STUDY
Glycerol ingestion has been investigated as a possible means of producing hyperhydration 
since 1987 (Riedesel el al., 1987). Early studies have shown glycerol to produce favorable 
results for a short duration (Lyons et al., 1990; Murray et al., 1991; Riedesel et al., 1987). 
Only one study has looked at glycerol’s ability to produce a hyperhydrated state over an 
extended time period (Koenigsberg et al., 1995). That study looked at times over 32-49 
hours post ingestion of glycerol, but did not involve exercise, so the applicability to 
exercise situations of the study remains a question. Most of the early studies only placed 
the subjects in a moderate environment (approximately 25® C for all studies) where the
effectiveness of glycerol as an agent for avoiding hypohydration may not have been as 
apparent (Koenigsberg et al., 1995; Montner et al., 1996; Murray et al., 1991; Riedesel et 
al., 1987). Two studies have placed subjects in hot environments (35^C and 42° C
respectively), but only exercised them (s 45% and 60% of VO^max attained in a
comfortable environment) in that environment for 90 minutes (Latzka et al., 1996; Lyons et 
al., 1990). The present study looks to build on what is currently known, by placing 
subjects in a heated environment for an extended period. This study will attempt to look 
more at the practical use of glycerol.
LIMITATIONS
i. Physical capacity of the subjects: The subjects participating in the study will be of 
varying physical capacity, but will have a VO  ̂max & 45 mlkg^min \
ii. Non-randomized sample: The sample for the study will not be randomly selected.
iii. Instrumentation: There is inherent error in all instrumentation. This will be 
minimized by using only properly trained testers, and calibrated equipment.
iv. Fire Line Hand Tool Experience: Most subjects will have little or no experience 
with the use of a fire line hand tool (i.e. pulaski). In order to minimize any effect this may 
have on performance time, subjects will be given an opportunity to practice with the pulaski 
and get accustomed to the use of the simulated digging treadmill.
8
DELIM ITATIONS
i. Type of Subjects: The subjects used for the study will consist of individuals who 
obtain VO ̂  max values of greater than 45 ml kg^ min \  Conclusions drawn from this study 
should reflect this.
ii. Specific intensity level: Only one intensity level was chosen. This was chosen 
because it will most likely match typical field work done by a wildland firefighter.
iii. Specific temperature: Environmental Conditions were chosen to match working 
conditions in the field.
DEFINITION OF TERMS
Euhydration: This is represented as a sinusoidal wave indicating the normal state of 
hydration, or daily body water content (Greenleaf, 1992).
Hyperhydration: This is defined as a condition of increased body water content (Greenleaf, 
1992).
Hypohydration: This is defined as a condition of decreased body water content (Greenleaf, 
1992).
Hypovolemia: A  condition of below normal levels of fluid volume in the body, usually 
associated with decreased blood volume (Sawka, 1992).
Euvolemia: A  condition of normal levels of fluid volume in the body, usually associated 
with stabilized blood volume (Sawka, 1992).
Hypervolemia: A condition of above normal levels of fluid volume in the body, usually 
associated with an increase in blood volume (Sawka, 1992).
Sweat rate: The value calculated from changes in body weight corrected for urine excreted, 
fluid volume consumed, body surface area, and expiratory water loss (Murray etal.,
1991), expressed as ml/hr.
yOj.* This is defined as the body’s ability to take up, transport, and utilize oxygen; VO^ = 
Q* (a-vOjdifference).
Cardiac output: This is defined as Q=HR*SV. Cardiac output has been shown to decrease 
in hypohydrated conditions (Lyons et al., 1990; Murray et al., 1991; Riedesel et al., 1987; 
Sawka, 1992).
Met: Hematocrit is the percentage of packed cell distance to total distance in a 
microhematocrit tube after centrifuging the sample.
Mb: This is hemoglobin, RBC’s, the protein portion of the blood.
Plasma volume: This is the portion of the blood not protein based. During hypohydrated 
conditions, this value will decrease (Dill and Costill, 1974; Lyons etal., 1990; Sawka,
1992).
ADH: This is the anti-diuretic hormone; released in response to situations that cause an 
increase in plasma osmolality (Lyons et al., 1990); ADH blocks the formation of urine.
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Line Digging: This is a task that is fundamental to wildland firefighting. It involves digging 
trenches (6”deep and 18-24” wide, down to mineral soil) to help stop the spread of 
wildland fires.
Pulaski.'This is a type of tool used for line digging. It has been designed to maximize 
output with minimal physiological stress (see photos 1,2).
Photo 1 Photo 2
Photo 1 Pulaski fire-line building tool with simulated line-digging treadmill 
Photo 2 Subject demonstrating proper pulaski and line-digging treadmill use
Chapter Two: Review of Related Literature 
Hydration State and Thermoregulation
The importance of hydration state and it’s effects on thermoregulation have long been 
known. Potts et al. (1944) showed the if fluids were restricted during prolonged exercise, 
core temperature would continue to rise until volitional exhaustion. They also showed that 
if lost fluids were replaced during exercise then a steady state core temperature could be 
reached. Adolph and associates (1947) looked at the body’s response to exercise 
performance in a hot environment. They found that during exercise-heat exposure water is 
lost through sweat, resulting in increased plasma tonicity and a decreased blood volume.
Knowing this, researchers looked for ways of avoiding hypohydration. By ingesting large 
amounts of fluid prior to a potentially hypohydrating environment, the deleterious effects of 
hypohydration could be avoided. The main problem of this being the rapid response of the 
renal system. The excess fluids ingested were quickly lost to the formation of urine. One 
approach that has shown promise to maintain hyperhydration has been the use of glycerol 
(Freund et al., 1995; Lyons et al., 1990; Montner et al., 1996; Riedesel et al., 1987).
Glycerol and Hyperhydration
Riedesel et al. ( 1987) were the first to test glycerol’s effectiveness in promoting 
hyperhydration. They had subjects ingest 21.4 ml/kg of a 0.1% NaCl water solution over 
40 minutes with three different glycerol concentrations. The three concentrations were 0.5, 
1.0, or 1.5 g glycerol/kg BW. These three concentrations were compared to each other and 
to a trial without any glycerol added to the water solution. The trial lasted for a total of 4 
hours and involved the subjects sitting in a laboratory setting. They found that the doses of 
1.0 and 1.5 g glycerol/kg were shown to produce a state of hyperhydration that lasted for 
4-h. There was a significant decrease in urine formation during the 4-h period, and a
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significant increase in plasma osmolality for 2-h post ingestion. There was no change in 
plasma volume found.
Lyons et al. ( 1990) studied the effects of glycerol-induced hyperhydration on exercise in 
the heat, on sweating and core temperature. The following fluid regimens were used during - 
their study: trial 1, Ig glycerol/kg BW mixed with 21.4 ml/kg BW of water; trial 2,21.4 
ml/kg BW of water; trial 3,3.3 ml/kg BW of water. These three regimens were 
administered in random order. The subjects performed exercise equivalent to 60% of VO  ̂
at a temperature of 42® C ( 107.6® F) for a duration of 1.5-h. The exercise started at 2.5-h 
after the fluids were ingested. It was found that urine volume prior to exercise was 
decreased during the glycerol trial, resulting in a state of hyperhydration. It was found that 
during the exercise following the glycerol trial, there was an elevated sweat rate and a lower 
rectal temperature. No changes were found in hemoglobin, hematocrit, or serum electrolyte 
concentrations. It was concluded that glycerol-induced hyperhydration reduces the thermal 
burden of moderate exercise in the heat.
In 1991, Murray et al. (1991) looked at the physiological responses associated with the 
consumption of four different hydrating strategies during exercise. The beverage solutions 
tested were a 10% glycerol solution, a 6% carbohydrate-electrolyte beverage, a 6% 
carbohydrate-electrolyte beverage plus 4% glycerol, and a water control. All beverages 
were of similar flavor and color. Subjects exercised at 50% of peak VOj for 90 minutes in a 
30® C (86® F), 45% relative humidity environment. It was found that the glycerol solutions 
resulted in an increase in plasma osmolality and the attenuation of the decrease in plasma 
volume associated with the water placebo treatment (P< 0.05). The 10% glycerol solution 
was also found to have significantly increased levels of ADH. There were however no 
differences among beverages for heart rate, esophageal temperature, sweat rate, RPE, 
cortisol levels, or aldosterone levels. Based on their data, they concluded that no substantial
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metabolic, hormonal, cardiovascular, or thermoregulatory advantages were obtained with 
the consumption of 4% or 10% glycerol solutions during exercise.
Attention turned to the mechanisms involved in glycerol’s effectiveness. Specifically,
Lyons et al (1993) researched glycerol’s effect on volume expansion of each of the fluid 
compartments. The subjects used for this study were rats. The rats were intragastrically 
given either 20 ml/kg of water or a 5% glycerol solution. The fluid compartments were 
measured 2-h post ingestion. It was found that fluid retention was increased by 50% with 
the glycerol solution. Also, when the data on the fluid compartments was expressed relative 
to body weight, a significant difference was found in the measurement of total body water 
(TBW) and intracellular fluid (ICF). There was no difference in the values of extracellular 
fluid (ECF), plasma volume (PV), and interstitial fluid (ISF) found between the glycerol 
solution and the water trial. Based on the data collected, the authors determined that the 5% 
glycerol solution was more effective in expanding TBW and ICF than equal volumes of 
water.
Koenigsberg et al. (1995) researched the idea of using glycerol as a means of sustaining 
hyperhydration for 32 hours (series II) or 49 hours (series I). In series I, the amount of 
glycerol used was 3.12 g/kg BW mixed with 13.54 g/kg of orange juice and 34.43 ml/kg 
of water per 24 hour period, with no masking of flavor differences. This was compared to 
a control trial where 16.66 g/kg of orange juice and 34.43 ml/kg of water were given 
during a 24 hour period. In series II, glycerol was given to the amount of 3.12 g/kg/day (in 
a 20% solution with water), with similar amounts of water as series I. Both solutions were 
of similar flavor and color. This was then compared to a water control to find differences. 
Subjects in both series were limited to sedentary activities during the trials. Subjects were 
allowed meals at the student cafeteria and ad libitum fluid intake at all times, along with 
what they were required to drink, but were required to record all fluid intake. The
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researchers found that the intake of glycerol resulted in smaller urine volumes in both series 
I and II. No significant changes were found in either series in hematocrit, hemoglobin, or 
plasma osmolarity. Based on the urine data, the authors concluded that it was possible 
through the use of glycerol to keep subjects hyperhydrated for extended periods of time and 
thereby reduce the amount of fluid consumption necessary just prior to or during bouts of 
negative fluid balance.
To further look at the mechanisms involved in glycerol-hyperhydration, Freund et al.
(1995) researched the hormonal, renal, and vascular responses to glycerol ingestion. 
Subjects were asked to ingest one of two experimental solutions and then a water bolus. 
Testing lasted for a total of 4 hours, and did not require any exercise. The volume of fluid 
ingested was determined by measuring TBW. The experimental solutions (5.0 ml/L TBW) 
were matched for color and taste, with one containing 1.5g glycerol /L TBW. After 
drinking one of the experimental solutions, subjects drank a large bolus of distilled water 
for a total ingested volume equal to 37 ml/L of TBW. Subjects also took part in a control 
trial, where no liquid was ingested. It was found that glycerol resulted in greater fluid 
retention, had lower urine flow rates, and lower rates of free water clearance then when 
compared to water alone. No differences were found in atrial natriuretic peptide 
concentrations, and plasma aldosterone. There tended to be some rise in ADH 
concentrations (P= 0.07) with glycerol ingestion at the time differences in urine flow and 
free water clearance were evident. This finding suggests that ADH may be in part 
responsible for glycerol’s effectiveness. The authors also stated that glycerol’s 
effectiveness may be the result of increasing the kidney’s medullary concentration gradient, 
leading to an increase in water reabsorption.
To look at glycerol’s more practical uses, Montner et al. (1996) looked at pre-exercise 
glycerol induced hyperhydration and it’s effect on cycling endurance time. This
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investigation involved two studies. Both studies looked used 1.2 g glycerol/kg BW mixed 
with 26 ml H^O/kg BW. The purpose of study I was to see if there were differences in heart 
rate, rectal temperature, and endurance cycle time. Subjects pedaled at approximately 61% 
of W ^ . The purpose of study II was to determine if the same pre-exercise hydration 
process as study I followed by carbohydrate oral replacement solution given during 
exercise would lower heart rate, attenuate the rise in rectal temperature, and prolong 
endurance time. It was found that mean heart rate was significantly lower following the use 
of glycerol during both parts of the study. Also, glycerol use lead to a significant increase 
in endurance time during both parts of the study. No differences were found in rectal 
temperature. The authors concluded that pre-exercise glycerol-enhanced hyperhydration 
lowers heart rate and prolongs endurance time, with a carbohydrate replacement solution 
and without.
Latzka et al. ( 1996) researched the role of glycerol and it’s effects during compensable and 
uncompensable exercise-heat stress. The general approach to hyperhydration during this 
study was to use a 1-h pre-exercise hydration period (29.1 ml/kg LBM of water with or 
without 1.2 g/kg LBM of glycerol) to see if any physiologic advantage was created. The 
compensable heat stress part of the experiment consisted of 5 trials: euhydration, glycerol 
hyperhydration, and water hyperhydration both with and without rehydration to replace 
fluid lost during exercise. The uncompensable portion of the experiment consisted of 3 
trials: control, glycerol hyperhydration, and water hyperhydration. Both phases of the 
experiment involved exercising at 45% of max VO  ̂in 35® C, 45% relative humidity. The 
compensable phase lasted for 120 minutes. The uncompensable phase required that the 
subjects wear chemical protective clothing and exercise until volitional exhaustion. During 
the compensable heat stress phase, no differences were found between any of the hydrating 
techniques for all variables measured (core temperature, skin temperature, whole body 
sweating rate, local sweating rate, sweating threshold temperature, sweating sensitivity.
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heart rate). During the uncompensable heat stress phase, no differences were found 
between any of the trials in thermal or cardiovascular responses or heat strain tolerance. 
The authors concluded that hyperhydration with glycerol provides no meaningful 
advantages over maintenance of euhydration during exercise-heat stress.
In summary, previous research has shown that glycerol use seems to help at higher 
intensities, but not at moderate intensities. Also, no research has been done to look at 
longer duration exercise (> 2 hrs), where the problems of hypohydration could be more 
easily apparent
Summary of Glycerol Hydration Studies
References Subjects Design Results Conclusions
Riedesel et. al., 
1987
Series I-9F,13M 
Series II-5F,5M
I-.5,1.0,1.5 g/kgGLY 
and 21.4 ml/kg H2O
II-1 g/kg GLY and 21.4ml/kg Ĥ O
or control solution
I - l . O and 1.5 g/kg GLY 
decreased urine volume
II- decreased urine volume
Glycerol will produce a state 
of hyperhydration of 4h.
Lyons et. al., 
1990
4M 2F
Murray et. al., 
1991
5F 4M
Fluid Regimens
1 Ig/kg GLY+ 21.4ml/kg Ĥ O
2. 21.4 ml/kg H2O
3. 3.3 ml/kg HjO 
Exercise- 60% V02max, 1.5h, 42°C
Fluid Regimens
1. 10% GLY solution
2. 6% CHO-electrolyte
3. 6% CHO+ 4% GLY
4. H2O
Exercise- 1.5h cycling, 50% V02max 
3(fC
Decreased urine volume 
Increased sweat rate 
Decreased core temp
Attenuated decrease in PV 
Increased ADH levels 
Decreased RPE 
No difference in HR, T_, SR
Glycerol reduces thermal 
burden of moderate exercise 
in the heat.
No advantages to 4 or 10% 
GLY solutions during exercise.
Lyons et. al., 
1993
Koenigsberg et. al., 
1995
10 rats
series I- 7M 
series II- 6M
Fluid Regimens
1.20 ml/kg H2O
2. 5% GLY solution (Ig/kg)
I- (49h) Fluid Regimens
1.16.66 g/kg OJ/day
34.43 ml/kg H20/day 
2.3.12g/kgGLY/day
13.54 g/kg OJ/day
34.43 ml/kg H2 0 /day
II- (32h) Fluid Regimens
1. 52.1 ml/kg HjO/day
2. 20% GLY (14.5 ml/kg/d) 
+ 37.6 ml/kg H20/day
Increased fluid retention 
Increased TBW and ICF 
Deceased urine output
Decreased urine volumes
Glycerol appears to increase 
TBW and ICF and help with 
hyperhydration.
Possible to hyperhydrate for 
extended periods and thereby 
reduce fluid consumption prior 
to negative fluid balance 
situations.
Summary of Glycerol Hydration Studies
References Subjects Design Results Conclusions
Montner et. al., 
1996
IIM cyclists
Freund et. al., 
1995
Latzka et. al., 
1996
IIM
8M
Fluid Regimens
1. 1.2 g/kg GLY+
26 ml/kg H2O
2. 26 ml/kg H2O 
Exercise- »90 min cycle to exhaustion
Fluid Regimens (based on TBW)
1.37 ml/L HjO
2. 1.5 g/L GLY + 37 ml/L
Fluid Regimens (based on LBM)
1. 1.2 g/kg GLY +
29-1 ml/kg H2O
2. 29.1 ml/kg HjO 
Exercise- 2h treadmill, 45% VOjmax
3^0
Decrease HR 
Increased cycling time
Increased fluid retention 
Decreased urine flow rate 
ADH rise but not significant
No differences between 
treatments in HR, T_, SR, TBW
Glycerol inducedhyperhydration 
prolongs endurance time and 
may be of benefit to endurance 
activities.
Hyperhydration due to decreased 
free water clearance. ADH may 
be the responsible agent.
Glycerol provides no advantage 
to the maintenance of 
euhydration.
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Chapter Three: Methodology 
Setting
All tests took place in the Human Performance Laboratory (Department of Health and 
Human Performance) at the University of Montana, McGill Hall Room 121. The 
environmental exercise stress test also took place in a heat chamber located in the above 
mentioned laboratory. All blood work, including assays, were performed there also.
Subjects
The subjects for the study included active individuals that pass the requirement of VO  ̂max 
& 45 ml kg^min \  Subjects consisted of 5 males and 5 females. The subjects that volunteer
for the study completed a Internal Review Board (IRE) approved consent form and health 
history form before any measures were taken. There was also an orientation meeting for all 
the subjects to explain to them the research being conducted. As indicated on the health 
history form, all subjects were physically active and free of any physical and/or mental 
conditions that may be aggravated by the study.
Descriptive Data
Maximal VO2 Treadmill Test
A  maximal VO^ test was done on all subjects to establish the submaximal exercise intensity 
used during the extended exercise trials. The max test took place on a Quinton Q65 (Seattle, 
WA) motorized treadmill using the TEEM 100 (Aerosport Inc., Ann Arbor, MI) metabolic 
system with the proper flow pneumotach. The proper flow pneumotach used was based on 
the subject’s size and fitness level. The metabolic system was calibrated with gases of 
known concentration prior to all maximal VOj testing. Data was collected every 20 seconds 
for the VOj values (ml kg^min^). The max VO^ was said to be achieved when there was a 
plateau in VO^ values, RER >1.1, and volitional exhaustion. Max VOj was then calculated
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by averaging three 20 second values obtained during the plateau. Prior to maximal testing, 
subjects were given 5 minutes to stretch out and do some light walking on the treadmill. A 
telemetry chest strap heart rate monitor (Polar, Port Washington, NY) was fitted to the 
subject to monitor heart rate during the max test. Heart rate was recorded every stage of the 
protocol. Body height (m) was measured using a conventional stadiometer and weight (kg) 
was measured using a calibrated, digital scale (Toledo Model 8139, Worthington, OH). All 
weight measurements during the extended trial used the same scale. A motorized fan was 
placed on the subjects during the protocol with an air velocity set at 5 kmph (3.1 mph).
The protocol used for obtaining a VO  ̂max started the subjects at 2 mph with a 10% grade. 
Every four minutes speed increased by 1 mph. After 12 minutes, speed increased by 0.5 
mph every minute until volitional exhaustion was reached. For determination of 
submaximal intensity (50% of VO^ max) the VO  ̂data collected was graphed against speed 
and grade. A linear regression was used to establish the speed and grade equivalent to 50% 
of maximal VO^. The values obtained were then used during the long term exercise in the 
heat chamber.
Following the VO  ̂ max test, subjects were given a short break. Subjects were then 
instructed to do simulated line digging on a special treadmill designed for the pulaski 
digging tool to determine the pace to be used during the extended work bout. To 
accomplish this, subjects were asked to simulate digging at a pace that they feel they could 
keep up for an extended time period. The metronome was then set to follow this pace. The 
value obtained from the metronome was then used during the extended work bout.
Exercise Testing
All extended exercise testing took place in the heat chamber located in the Human 
Performance Laboratory. Tests began at 6:00 am and subjects were given one week in
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between trials. All instruments used to collect data during the exercise trial were properly 
calibrated before any data collection occurred. During the exercise trial the subjects worked 
on both a motorized walking treadmill (Quinton Model 643, Seattle, WA) and a simulated 
digging treadmill. Temperature will be set at 32*̂  C (90® F) with approximately 50% relative 
humidity. Workload on the walking treadmill was set at the 50% value obtained during the 
maximal VO^ trial. During the extended work bout, a TEEM 100 metabolic system with 
the proper flow pneumotach was attached to the subjects every 30 minutes (Figure 3.3) for 
determination of work intensity and oxygen consumption. A heart rate monitor was fitted to 
the subjects to measure the heart rate response to the treatments given. Subjects performed 
the extended exercise test twice, once as a control trial and once as an experimental trial.
The order of these trials was random. Both subjects and researchers were blind as to when 
the control and experimental trials are occurring. Subjects were given one week between 
trials. Subjects were required to avoid strenuous activity 24 hours preceding the extended 
work bout. Also, the subjects were not allowed any alcohol, caffeinated beverages, food, 
tobacco products, or fluids eight hours prior to testing. This helped standardize the 
subject’s hydration state and reduce the variability in baseline measurements of fluid- 
regulating hormones.
Pre-Hydration Period
After subjects entered the lab on the day of the exercise trial, there was a 90 minute 
hydration period. Prior to the ingestion of any liquid, a 7 mL venopuncture was performed 
to determine baseline values for plasma volume and plasma osmolarity. Subjects were then 
given one of two possible solutions for the pre-hydration period. The experimental solution 
consisted of 1 g of glycerol (Spectrum Inc., Gardena, CA) per kg of body weight (Ig 
glycerol/kg BW) mixed with 21.4 ml water/kg BW in the hydration period. The control 
(placebo) solution consisted of ingesting 21.4 ml water/kg BW. Both the experimental 
solution and the placebo solution will use liquid sweetener (Sweet’n Low, Brooklyn, NY)
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and artificial coloring to ensure that both solutions were of similar taste and color. Both 
solutions were mixed prior to the trial and were divided into thirds for ease of 
consumption. A third was consumed every 30 minutes starting at time = -90 minutes 
(Figure 3.2). Urine was collected during the pre-hydration as necessary.
After the last third of the solution was ingested, and as close to the start of the extended 
exercise trial as possible, subjects were further prepped for the obtainment of variables of 
interest during the extended exercise bout. First, subjects were instructed to insert a rectal 
thermometer (YSI Precision 4000 A Thermometer, Yellow Springs, OH) for the
measurement of core temperature (depth s  10 cm) every 15 minutes during exercise. A
heart rate monitor was then fitted to the subject to measure the heart rate response during 
the long term work bout. Heart rate was recorded every 15 minutes during the trial. The 
subject then had a venous catheter inserted into an antecubital or forearm vein so that blood 
draws could be made during the trial. The catheter was kept patent through the use of ah 
infusion pump using isotonic saline (.45 normal). The amount of saline needed to keep the 
catheter open was measured for the calculation of sweat rate and the amount of liquid given 
during the extended work bout. Tympanic membrane temperature was then measured via a 
infrared temperature scanner (Exergen Corp., Natick, MA), and then every 30 minutes 
during the extended exercise trial. Immediately before the exercise trial the subjects body 
weight taken in their workout clothes (without shoes), there was a blood draw, and the 
subjects were encouraged to void their bladders.
Exercise Trial
The exercise trial was initiated in the heat chamber following the 90 minute pre-hydration 
period. At time = 0 minutes, the subjects began on the walking treadmill (Figure 3.1) with 
a fan centered on them set at an air velocity of 5 kmph (3.1 mph).The exercise trial was 
divided into three 60 minute periods. Each 60 minute period included two 25 minute
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periods of walking on the treadmill, 5 minutes of simulated line digging on the simulated 
digging treadmill, and a 5 minute rest period (Figure 3.3). Starting at time = 25 minutes, 
the TEEM 100 metabolic system was placed on the subjects for a total of 5 minutes for the 
measurement of energy expenditure. Blood samples were taken every 30 minutes 
beginning with the first sample just prior to the start of the exercise trial. When a blood 
draw occurred during the exercise trial, subjects were instructed to step off the walking 
treadmill, and to stay in the heat chamber. After the blood sample was drawn, the subjects 
weight was taken. They were then instructed to begin work on the simulated digging 
treadmill. Subjects were instructed to follow the setting of the metronome. The pace used 
was the pace found during the earlier testing. The metronome was set so that it made a 
noise every time the subject needs to simulate the digging motion. At time = 60 minutes and 
following the blood draw, subjects will be given a 5 minute rest. The subjects rested in the 
heat chamber, and were allowed to sit down. It was during this time that subjects were 
encouraged to void their bladders. This hourly cycle was then repeated until 180 minutes 
was reached. There was no period on the metabolic cart preceding the final blood draw.
Following the final blood draw and a 5 minute rest period, subjects were instructed to do a 
performance measure. This consisted of work on the simulated digging treadmill. Subjects 
were instructed to accomplish 500 revolutions as quickly as possible. The subjects were 
notified in increments of 50 revolutions as to their status. Following the performance trial, 
the subjects post exercise body weight was taken. The venous catheter was then taken out 
and they were able to remove the rectal thermometer. The subjects were also asked to void 
their bladder one last time.
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Calculations
Liquid During Exercise Trial
During both the experimental and control trials, the subjects were given water to drink 
every half hour. The amount that was given to consume was adjusted to account for the 
amount of saline pumped into the subjects to keep the catheter open. The total amount of 
saline and water totaled 5 ml/kg every half hour. The amount consumed was taken into 
consideration when doing the final calculation of sweat rate.
Sweat Rate
Sweat rate is changes in body weight (BW) corrected for urine excreted, fluid volume 
consumed, and expiratory water loss (Murray et al., 1991). Sweat rate was calculated 
every 60 minutes during the exercise trial starting at time = 0 minutes. Densities of the 
fluids ingested and of the saline were found to determine their respected mass, and all urine 
output (kg) was weighed (Denver Instrument Co. A250, Arvada, CO). Equation 3.1 was 
used for the calculation of sweat rate during exercise trials. Surface area was based on 
height and weight and found using a nomogram (McArdle et al., 1996).
Equation 3.1 Sweat Rate Calculation
Sweat Rate (g m'^min'^) = (BWp^+ Liquid Ing + Saline) - (BW^^ ,̂ + Urine weight + Resp
Water Loss)
Respiratory water loss was figured based on equation 3.2 (Mitchell et al., 1972). Water 
vapor pressure was found using equation 3.3 (Fox et al., 1993).
25
Equation 3.2 Respiratory Water Loss Calculation
= 0.019 * VOjCL/min) * (44 - PJ
= rate of evaporative water loss (g/min)
= water vapor pressure (mmHg)
Equation 3.3 Water Vapor Pressure Calculation
P, = 13.955 - 0.6584T + 0.0419T^
T -  temperature (^C)
Blood Work
Blood samples were obtained prior to the pre-hydration period, immediately prior to the 
exercise bout, and every 30 minutes thereafter. Blood draws were either 3 ml or 7 ml 
depending on the time point (Figure 3.3). The 7 ml draws were due to the need for more 
plasma to perform the ADH assay in addition to the other blood measures.
Plasma Volume
The determination of plasma volume (PV) changes followed the methods set forth by Dill 
and Costill (1974). To determine the plasma volume changes the hemoglobin (Hb)
concentration was determined first. Twenty pL of whole blood was transferred into 3 mL
of drabkins reagent and then incubated at room temperature for 20 minutes. Using a 
spectrophotometer (Milton Roy Spectronic 401, Rochester, NY), the sample absorbance 
was measured at 540 nm. Hb concentration was determined by using equation 3.4, which 
is based on the molecular weight of hemoglobin and the millimolar extinction coefficient of 
cyanmethemoglobing mueasured under the standard conditions of a 1 cm light path at 540
nm. Hematocrit (Hct) was determined using 40pL microhematocrit tubes filled with whole
blood. Each microhematocrit tube was sealed and spun in a microcentrifuge (Jouan A13, 
Winchester, VA) for 5 minutes. Hct was then expressed as the percentage of packed cell
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distance to total distance. The value obtained was then multiplied by .96 to account for 
plasma trapped in the cell mass. Percent changes in plasma volume were calculated based 
on Hb and Hct values obtained and equation 3.4 (Latzka et al. 1996).
Equation 3.4 Hemoglobin Concentration Calculation
[Hb] g/dl = (Abs/44)(Sample Dilution)(Mr Hb)(1000)'^
Abs = Absorbance of sample
Mr = molecular weight of Hb = 64,458 g/mole
44 = millimolar absorptivity of cyanmethemoglobin
Equation 3.5 Plasma Volume Change Calculation
%A PV = 100 *(Hbp^)(Hbp,j \l-H ct^,,*10')( 1-Hctp^*10') : -100
Plasma Osmolality
Plasma osmolality was found using freezing point depression (Precision Systems pOsmette
Model 5004). Before any samples were analyzed, the osmometer was calibrated to ensure 
accurate results. After blood samples were obtained, they were centrifuged and the plasma
was withdrawn. Fifty pL of the plasma was then pipetted into 2 ml disposable tubes for
analysis. This sample was then placed into the osmometer for reading. Samples were done 
in duplicate to ensure accuracy.
Figure 3.1 Timeline - General
Pre-Hydration Exercise Trial Perf Trial
-90 0 180
time (min)
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Figure 3.2 Timeline - Pre-Hydration Period
First Third Solution Second Third Solution Last Third Solution
-90 -60 -30
time (min)
0
@ = 7 mL Blood sample (venopuncture) 
ft = Blood draw (7 mL)
* = Rectal thermometer inserted, heart rate monitor fitted 
© = Catheter in place
♦ = Nude body weight and tympanic temperature taken 
Figure 3.3 Timeline - Exercise Trial
V ft V # ♦  V ft
0 30 60 90
time (min)
■= Walking Treadmill (25 min)
Pulaski Treadmill (5 min)
. _. = Rest (5 min)
V = Subject placed on metabolic cart (5 min)
# = Blood Draw (7 mL) 
ft = Blood Draw (3 mL)
  ̂= Performance Trial
♦  = Body Weight
V # ♦ V li # ♦
120 150 180
NOTE : Core temperature and heart rate will be measured every 15 minutes
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Research Design and Statistical Procedures
Descriptive analyses involved calculation of means and standard deviations. The 
experimental design to be used was a double-blind repeated measures with comparisons 
being made between the subjects results from their experimental and control trials. A 
repeated measures analysis of variance was used to determine if there were significant main 
and interactive effects. The vcuiables core tenlperature and heart rate were compared using a 
1 between, 2 within mixed design repeated measures ANOVA at time points = 30,60, 120, 
and 180 minutes. The variables plasma osmolality, %-plasma volume change, and sweat 
rate were compared using a 1 between, 2 within mixed design repeated measures ANOVA 
at time points = -5, 60, 120, and 180. The variables urine output, %-body weight change, 
and performance time were analyzed using a 1 between, 1 within mixed design repeated
measures ANOVA. Statistical significance was said to be achieved when ocg 0.05. If a
significant difference was found, Tukey’s HSD post-hoc test will be used to determine
where the difference lies. Statistical significance was said to be achieved when 0.05.
Chapter Four: Results 
Descriptive Data
Ten subjects participated in the study, five males and five females. All subjects met the 
criteria for fitness, that was based on USFS standards, and signed an IRB approved 
consent form. All subjects completed both the experimental and control trials. The 
following table (4.1) shows the descriptive data obtained. The average room temperature
over all the exercise bouts was 32.6 ± 0.4^ C (90.7 ± 0.6° F), and the relative humidity
was 31.0 ± 3.8%. No significant difference in room temperature or relative humidity was 
found across trials.
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Table 4.1 Descriptive Data of Subjects (n=10; mean ± SD)
Males Females Combined
Height (m) 1.75 ±0.05 1.63 ± 0.04 1.70± 0.08
Weight (kg) 80.8 ± 10.4 62.4 ± 4.5 '* 71.6 ± 12.3
Age (yrs) 27.0 ± 8.8 24.2 ± 2.8 25.6 ± 6.4
Max (mi kg min ) 53.9 ± 7.7 51.0 ±4.2 52.5 ± 6.0
Trial Measurements
Heart Rate
A significant main effect for time was found (F= 21.20, p = 0.0001; Figure 4.1). Tukey’s 
post hoc test showed the difference to occur between time points 30 and 120, and time 
points 30 and 180. However, the main effect for trial was not significant (F= 1.50, p=
0.256). The mean heart rate during the placebo trial was found to be 143 ± 14 bpm while
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the heart rate during the glycerol trial was found to be 145 ± 13 bpm. The trial by time 
interaction was not significant (F= 2.77, p= 0.063; Figure 4.1).
Plasma Osmolality
A  significant main effect for time was found (F= 3.64, p= 0.027, Figure 4.2). Tukey’s 
post hoc test showed the difference to occur between time points -5 and 60. However, the 
main effect for trial was not significant (F= 2.19, p= 0.177). Plasma osmolality was
278.89 ± 21.43 mOsm/kg H^O for the placebo trial, and 287.18 ± 12.32 mOsm/kg H^O
for the glycerol trial. The trial by time interaction was not significant (F= 2.36, p= 0.096; 
Figure 4,2).
Core Temperature
A significant main effect for time was found (F= 30.82, p= 0.0001, Figure 4.3).However, 
the main effect for trial was not significant (F= 0.54, p= 0.485). The average core
temperature during the placebo trial was found to be 37.8 ± 0.4 ®C, and during the glycerol
trial the average temperature was found to be 37.8 ± 0.5 ®C. The4rial by time interaction 
was not significant (F= 1.65, p= 0.204; Figure 4.3).
Tympanic Temperature
The main effect for time was not significant (F= 2.00, p= 0.141,] Figure 4.4). However, 
there was a significant main effect for trial (F= 6.10, p= 0.039). The placebo treatments
average temperature was 35.9 ± 0.5^C, while the average temperature of the glycerol
treatments was 36.3 ± 0.5*̂ C. The trial by time interaction was not statistically significant 
(F= 2.56, p= 0.079, Figure 4.4).
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Sweat Rate
There was a significant main effect for time found (F= 32.54, p= 0.0001, Figure 4.5). 
However, the main effect for trial was not significant.(F= 0.63, p= 0.449). The average
sweat rate during the placebo trial was 3.38 ± 4.44 g m ̂ min and for the glycerol trial it
was 3.65 ± 3.50 g m^min '. The trial by time interaction was not significant (F= .61, p= 
0.613; Figure 4.5).
Urine Output
There was a significant main effect for trial (F= 13.42, p= 0.006j Figure 4.6),. The average 
urine output over the entire trial for the glycerol trial was 0.63 ±0.19 L, whereas the urine
output for the placebo trial was 1.01 ± 0.29 L.
Body Weight
The main effect of trial was not significant (F= 1.93, p= 0.201; Figure 4.7). The average 
% loss during the placebo trial was found to be 2.87 ± 0.85%, whereas during the glycerol
trial it was found to be 3.11 ± 0.68%.
Plasma Volume
The main effect for time was significant (F= 16.58, p= 0.0001, Figure 4.8). However, the 
main effect of trial was not significant (F= 1.40, p= 0.271). The trial by time interaction 
was significant (F= 3.10, p= 0.046; Figure 4.8). Tukey’s post hbc test revealed that 
significant interaction occurred during the placebo time points -5 and 60, and -5 and 120; 
glycerol time points -5 and 60, -5 and 120, and -5 and 180; and between glycerol time 
point -5 and all placebo time points.
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Performance Time
The main effect for trial was not significant (F= 0.03, p= 0.874, Figure 4.9). The average 
performance time following the placebo trial was found to be 4.7 ±1.7 min, and the
average performance time following the glycerol trial was 4.5 ± 2.0 min.
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Chapter Five: Discussions and Conclusions
This study attempted to examine the efficacy of the use of glycerol as a means of achieving 
hyperhydration and thus lessening the negative physiological consequences of long term 
exercise in a heated environment The design of the protocol was such to best approximate 
a heat stress and to show any effectiveness of glycerol in that situation. Baseline conditions 
were emphasized to further ensure that any difference would be due only to the treatment, 
whereas previous studies have neglected to ensure baseline conditions (Lyons et al., 1990; 
Montner et al., 1996; Murray et al.. 1991 ; Riedesel et al., 1987). The amount of liquid 
subjects drank during the study was also closely monitored. This has not received close 
attention in a previous study by Montner et al. ( 1996).
Descriptive Variables
The subjects used for the study could be considered trained and acclimated based on their 
representative VO^ max and examination of their training record. As a post-check on 
acclimation, heart rate response and the main effect for trial order was examined. No 
statistical difference was found, indicating that subjects were heat acclimated. Using a 
combination of trained and acclimated subjects helped to eliminate some of the variation 
associated with previous glycerol studies. Previous studies used only moderately fit 
subjects and therefore some of their conclusions may be related to the subjects being 
unaccustomed to physical exercise and unacclimated to heat stress (Lyons et al., 1990; 
Murray et al. 1991). All of the subjects used in this study were screened for physical 
fitness to be sure that any differences obtained were due to the treatment and not due to any 
training response or acclimation that may have occurred during the study.
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Trial Measurements
Based on the data, a number of conclusions could be drawn. These conclusions only apply 
to the sample tested and on the protocol given.
HeartRate
No statistical difference was found between hydration strategies in terms of the heart rate 
response to exercise. This finding is in agreement with the previous work of Latzka et al.
( 1996) and Montner et al. (1991), but in disagreement with Montner et al. (1996). Because 
hypohydration has been shown to result in increased heart rate (Costill et al., 1976; Nadel 
et al., 1980), it was originally hypothesized that glycerol would lead to a decreased heart 
rate by increasing the body’s fluid reservoir, inducing a state of hypohydration. This 
reservoir could then be used to better maintain plasma volume during otherwise 
hypohydrating situations. As plasma volume is maintained, stroke volume is less prone to 
decrease and therefore an increase in heart rate would be less likely (Montner et al., 1996; 
Murray et al., 1991). However, the increase in heart rate associated with long term intense 
exercise is not due to reductions in blood volume, but these increases are in proportion to 
the level of whole body hypohydration (Heaps et al., 1994; Johnson 1987). Therefore, 
glycerol ingestion has been hypothesized to better maintain hydration status above 
hypohydration. If this occurs, subjects may be less prone to an increased heart rate due to 
cardiac drift compared to ingesting water alone. These data did show that heart rate 
increased regardless of the treatment, suggesting that subjects were becoming 
hypohydrated. An increase in heart rate is also an indicator of severity of body weight loss 
during an exercise heat stress. These data showed that subjects lost enough of their initial 
weight to agree with other studies (Caldwell et al., 1984; Craig and Cummings, 1966; 
Greenleaf, 1992; Webster et al., 1988). As evidenced by the urine data collected, subjects 
in this study were better able to retain the hydration load during the glycerol trial. Although
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this suggests that heart rate may be decreased during the glycerol trial, there was not a 
statistically significant difference between trials.
Plasma Osmolality
Based on the data collected, no statistical difference in plasma osmolality was found 
between the two treatments. This is in agreement with previous studies (Koenigsberg et al., 
1995; Latzka et al., 1996) and disagreement with others (Freund et al., 1995; Lyons et al., 
1990; Montner et al., 1996; Murray et al., 1991). Initially, at time = -5 min, plasma 
osmolality during the glycerol trial was higher than the placebo trial. However, this was not 
statistically significant but does agree with hypotheses on the mechanisms of glycerol- 
induced hyperhydration. Some have hypothesized that as glycerol enters the circulation, a 
subsequent increase in plasma osmolality results (Lyons et al. 1990; Murray et al., 1991). 
This increase will last until glycerol moves out of the bloodstream, due to it’s concentration 
gradient, and is distributed throughout the body’s fluid compartments. Because an increase 
in plasma osmolality stimulates the secretion of ADH from the posterior pituitary, free 
water clearance rates are decreased and fluid retention increases. Historically, 
hyperhydration strategies involved ingesting large amounts of water. However, this causes 
an overall decrease in plasma osmolality, and suppresses ADH secretion. Although Figure 
4.2 illustrates an increase in plasma osmolality following the pre-hydration period, it does 
not show a decrease in plasma osmolality after glycerol moves from the circulation into the 
fluid compartments. Instead, plasma osmolality remained stable throughout the entire trial. 
These data are in agreement with Freund et al. (1995), who proposed that glycerol does not 
move from the vascular compartment to other fluid compartments, but instead is distributed 
throughout TBW to include the vascular compartment.
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Core Temperature
The findings of this study suggest that there is no difference between the two hydration 
strategies for the variable of core temperature. The difference between the two trials was 
minimal and therefore of limited practical significance. This finding is in contrast to the 
original hypothesis that the glycerol treatment would result in attenuating the rise in core 
temperature. This has been supported by one study (Lyons et al., 1990) and refuted by 
others (Latzka et al., 1996; Murray et al., 1991). Originally glycerol was thought to prevent 
water loss through increased urine formation and therefore be made available for use as 
sweat. This mechanism would help minimize the rise in core temperature. However, the 
data did not support this hypothesis. Therefore, based on the findings of this study, 
glycerol use provides no benefit over water use in attenuating the rise in core temperature 
that is associated with long term exercise in a heated environment.
Tympanic Temperature
The findings of this study suggest a statistical difference between the treatments and 
measured values of tympanic temperature during the exercise bout. The placebo trials had a 
statistically significant lower tympanic temperature average compared to the glycerol trials. 
No previous studies involving glycerol have considered this variable. It was hypothesized 
that the use of glycerol would have the same effect on tympanic temperature that it was 
hypothesized to have on core temperature. However, the results of this study seem to 
contradict that hypothesis. It was also interesting to note that no difference was found in 
core temperature. The use of tympanic temperature as a substitute for core temperature has 
received mixed reviews. Studies have shown that tympanic temperature correlates well with 
core temperature (Klein et al., 1993; Sato et al., 1996) while others have given negative 
reviews (Deschamps et al., 1992; Hansen et al., 1996; Roth et al., 1996).
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Sweat Rate
There was not a statistical difference in sweat rates between the glycerol hyperhydration 
and water hyperhydration exercise trials. The original hypothesis considered that glycerol 
would cause less free water clearance as urine, which could then be used to better 
maintain/increase sweat formation, and thereby avoid the decrease in sweat rate normally 
associated with hypohydration. Although one previous study has demonstrated this (Lyons 
et al., 1990), the current data and other previous studies have not shown this phenomena 
(Latzka et al., 1996; Murray et al., 1991). Glycerol trials tended to cause a higher sweat 
rate one hour into exercise compared to water trials. However as the trial continued, sweat 
rates became similar. This finding may be due to the fact that subjects were given water
during both trials starting at time s  35 minutes. Glycerol use may have caused an increase
in TBW, and therefore may have been able to allow the increased sweat rate one hour into 
exercise. After the first hour, because euhydration was adequately maintained, sweat rate 
may have been maintained/increased in response to fluctuations in core temperature during 
the control trial. Had the subjects been given little or no water during the exercise bout, 
differences may have been found. Further investigation should be done without, or very 
little fluid being given during the exercise trial. However, doing this would limit the 
practicality of the study since limited fluid intake rarely occurs in a real world setting.
Urine Output
Subjects had a significantly lower rate of urine clearance over the entire glycerol trial 
compared to the placebo trial. This finding is in accordance with previous studies (Freund 
et al., 1995; Koenigsberg et al., 1995; Lyons et al., 1990; Riedesel et al., 1987), that 
suggest that glycerol provides a means of reducing free water clearance. However, the 
precise mechanism for this observation remains unclear and should receive further 
attention. Murray et al. (1991) and Freund et al. (1995) have proposed that glycerol acts by 
increasing plasma osmolality and a subsequent secretion of ADH from the posterior
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pituitary. Freund et al. ( 1995) noticed a slight but nonsignificant rise in ADH to become 
elevated during glycerol ingestion (p = 0.07). This difference may in fact be practically 
significant due to the fact that small changes in ADH levels can have marked effects on 
urine flow (Bie, 1980; Robertson, 1974). An alternative hypothesis proposed by Freund et 
al. (1995) suggests that glycerol’s effectiveness is due to a direct effect on the kidney. 
Research has suggested the existence of an active transport mechanism responsible for 
glycerol reabsorption in the proximal tubule of the kidney. As glycerol is actively 
reabsorbed, water will follow due to an increase in the medullary concentration gradient 
(McCurdy et al., 1966; Swanson et al., 1969). It has also been proposed that glycerol is 
passively reabsorbed down it’s concentration gradient in the proximal and distal tubule, 
causing an increase in the medullary concentration gradient, and therefore an increase in 
free water reabsorption (Kruhoffer and Nissen, 1963; Freund et al., 1995).
Body Weight
Body weight loss was expressed as a percentage of starting weight. There were no 
statistical differences between treatments. Both hydration strategies could not attenuate the 
weight loss expected to occur throughout the exercise trial. Exercise caused a 2-3% 
decrease in body weight regardless of the hydration trial. This degree of weight loss is 
associated with decreased maximal aerobic power, physical work capacity, and impaired 
exercise thermoregulation (Caldwell et al., 1984; Craig and Cummings, 1966; Greenleaf, 
1992; Webster et al., 1988). An observation based on the data was that females lost 
statistically less weight than males regardless of treatment given. Females tended to lose 
only about 2.5% whereas males tended to lose about 3.5%. Both values are in the area of 
being practically significant, but since males lost a higher percentage of their starting 
weight, it is possible that they would suffer from more severe negative effects of 
hypohydration based on previous research (Caldwell et al., 1984; Craig and Cummings, 
1966; Greenleaf, 1992; Webster et al., 1988). These results seem to suggest that females
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may handle the negative effect of body weight loss during long term exercise in the heat 
better than males. Previous studies have not shown any gender differences based on 
glycerol treatment (Lyons et al., 1990; Murray et al., 1991; Riedesel et al., 1987). Studies 
have shown a difference in sweat rates (g m'^min'*) between the sexes with males being 
higher than females (Avellini et al., 1980; Drinkwater, 1984). This was also shown to 
occur in this study and is most likely the reason for the difference in weight loss found 
between the genders.
Plasma Volume
At time points -5 and 60 glycerol ingestion resulted in an expanded plasma volume 
compared to water. However, as the trials progressed, both hydration strategies resulted in 
similar plasma volume changes. Glycerol hyperhydration has been shown to increase 
plasma volume at rest before a 45 minute cycling exercise to exhaustion (Gleeson etal., 
1986) and during cycling exercise at 50% VO^ peak in a 30°C environment (Murray et al., 
1991), while others have reported no change in plasma volume during exercise (45-60% 
VOj peak) in the heat (35-42^C) (Latzka et all, 1996; Lyons et al., 1990) or with no 
exercise in a laboratory setting (Riedesel etal., 1987). Differences in plasma volume may 
have been more apparent if subjects had not ingested additional water during the exercise 
trials. If this was the case, the initial differences in plasma volume may have been 
maintained throughout the trial due to a decreased fluid reservoir from which to maintain 
plasma volume. Although only time point -5 showed a statistically significant change 
compared to water, the glycerol trial appeared to maintain plasma volume above resting 
levels whereas the placebo trials resulted in plasma volume changes below resting levels 
until the very end of the trial. Prior research has suggested that glycerol ingestion may 
prevent the decrease in plasma volume associated with long term exercise in a heated 
environment by increasing the reservoir of water in the interstitial, IGF, and ECF spaces 
(Lyons et al., 1990; Riedesel et al., 1987). The findings of the current study supports the
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theory that as glycerol enters the circulation, there is an increase in plasma glycerol, which 
distributes water into the vascular spaces (Figure 4.8), thereby causing an initial increase in 
plasma volume (Freund et al., 1995; Gleeson et al., 1986). As glycerol is slowly 
distributed throughout the body’s fluid compartments, a gradual decrease in plasma volume 
results. However, until the hydration state is challenged plasma volume remains elevated 
showing a gradual decrease in free water clearance. It is more appropriate to suggest that 
glycerol may cause an increase in fluid retention by distribution throughout TB W, 
including the vascular compartment (Freund et al., 1995). However, the precise 
mechanism for this concept requires further study.
Performance Time
There was no significant difference in post exercise performance times between the two 
hydration methods. Glycerol and exercise performance variable has been evaluated in two 
previous studies. Montner et al. (1996) found that the use of a glycerol hydrating strategy, 
as compared to water, resulted in increased endurance cycling time (approximately 21%). 
They attributed their finding to the fact that glycerol lowers exercise heart rate and increases 
fluid retention. Seifert et al. (1995) found that the use of glycerol resulted in faster times 
during a cycling time trial following an extended cycling period compared to ingesting 
water only. The pulaski learning curve was minimized by having subjects come in prior to 
the study to become familiar with the pulaski and the use of the simulated line building 
treadmill. Problems with the line building treWmill, including counting revolutions and belt 
tracking, occurred and could have resulted in measurement error.
C onclusions
This study was the first to attempt to show the efficacy of two approaches to 
hyperhydration, glycerol- and water-induced, during long term exercise in a heated 
environment. Based on the data collected and the protocol used it was concluded that use of
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glycerol as a hyperhydrating agent shows little promise when compared to the use of water 
as a hyperhydrating agent. This conclusion was based on the fact that when glycerol use 
was compared to water use, the variables heart rate, plasma osmolality, core temperature, 
sweat rate, body weight loss, plasma volume changes, and performance time showed no 
statistical or practical difference compared to water only when water was provided during 
the exercise trial. The data did show that the use of glycerol decreased urine output over the 
length of the trial. It appears that the physiological strain associated with long term exercise 
heat stress was nearly identical between the two hydration strategies, and that the 
practicality of glycerol use is questionable when euhydration is maintained during the 
exercise-heat stress. This study does suggest that glycerol may be distributed both 
intravascularly and extravascularly, whereas prior research has suggested extravascular 
distribution only.
Topics for Further Research
While this study did provide some useful insight as to the efficacy of glycerol use as a 
means of avoiding the negative effects of heat stress, it also proposed the need for further 
research into this area. Research should be done allowing very minimal liquid intake during 
the trial, thereby compromising euhydration. This may more clearly demonstrate whether 
glycerol does provide physiological benefits. Due to the limited scope of this study, certain 
variables were not examined that could be of importance. These may include TB W, cardiac 
output, ADH, and ANP levels. The precise mechanism by which glycerol use leads to 
decreased urine output also requires further attention. GlyceroTs effectiveness should also 
be studied in other potential hypohydrating environments, such as extreme cold, altitude, or 
space flight. This study also suggests that differences in physiological response to exercise 
in a heated environment may occur between the genders. Further research should determine 
these differences and their possible mechanisms.
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IRB REVIEW AND DETERMINATIONS
TO: Project Directors: Jacob Swarî  Julie Puchkoff, and Brent Ruby
Faculty Supervisor: Brent Ruby
PROJECT TITLE: "The Psychological and Physiological Effects of 
Three Hydration Techniques during Moderate Exercise 
in the Heat"
FROM: Carrie Gajdosik, Physical Therapy - Co-Chair
DATE: December 16, 1996
The above project was reviewed during the December 16, 1996 meeting 
and was conditionally approved, subject to the following 
conditions:
1. indicate to the Board the risks/discomforts of exercising 
in the heat and how they will be minimized, 2. in the consent 
form indicate that the body is weighed in the nude, 3. in the 
consent form remove the next to the last line of the form 
which starts with "I hereby release the administrators
3. indicate where data sheets will be contained to maintain 
privacy, and 4. indicate how the researchers plan to assure 
privacy of the individual while urine is collected, and when 
body weighing takes place.
Please submit your revisions to the co-chair of the IRB.
Please note that any future changes in the approved procedures must 
be submitted to the IRB for consideration. Also, the IRB would like 
to remind you that there are students on the UM campus who are less 
than 18 years old, and if included as a subject would need an IRB 
approved consent form signed by the parent or guardian.
Please be reminded that the current U.S. Food and Drug 
Administration regulations dictate that IRB approval expires after 
one year. If data collection continues beyond 1 year from the date 
of IRB approval, you must submit a "Continuation Report" to the IRB 
for re-consideration and re-approval. Forms can be obtained from 
Research Administration.
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Internal Form RA-103
«O n ly  (Rev. 2/95)
THE UNIVERSITY O F MONTANA
INSTITUTIONAL REVIEW BOARD (IRB)
CHECKLIST
Submit one completed copy of this Checklist, including any required attachments, for each project invoMng human subjects. 
The IRB meets monthly to evaluate proposals, and approval is granted for one academic year. See JRB Cuidclincs and 
Procedures for details.
Project Director: ?^ 9Qb Svan J u l i e  P u ch k o ff D ftpt.: ttw p Phone: x5528
Signature \  Date: ______
Co-Direct,or(s): P h .D .  . •  Dept.: h h p  Phone:x2ll7
Project Title: P s y c h o lo g i c a l  and P h y s io l o g ic a l  E f f e c t s  o f  T hree H vd raclon  T echn ique.:
d u r in g  M o d era te  E x e r c is e  In  The H eat 
Project Description: n e g a t i v e  e f f e c t s  o f  lo n g  term  e x e r c i s e  in  th e  h e a t  w i l l  b e  s t u d ie d ,
(innontechnical l^guage) T hree h y d r a t io n  te c h n iq u e s  w i l l  be u se d  to  a tte m p t to  a t t e n u a t e  th e s e
n e g a t iv e  e f f e c t s .
Please proride the dales requested below;
Dale Submitted lo IRB Projecied Start Date Ending Date
1 2 /5 /9 6 • 1 /2 8 /9 7  
^ ---------------------------------
. 4 /3 0 /9 7
Students onin
Faculty Supervison °r*«t>guby PhyO)/_______________ Dept:  Phone: x2ii7
Signature:_____________ ' % ____________________________________________
(My tipMiwte coAlirnu ihst 1 h iv e 'm d  the IRB QtecUisi and « ii^R ier.u  and «grte that it accuntcly and tCcqusicly repretenu ihe pUnoeê 
tcuafch ifld Uui I %Ht supervise this n scs/rh  prvjuu)
Project Director: Please complete page 2 of IRB Checklist, on back.
For 1Â3 Us# Only
IRB Renew and Determination:
 Exempt from Review  Expedited/Administrative Review  Approved
«mirÛonditional approval:________________________________________________ ;__________]_______
 Resubmit proposal:
 Disapproved:___
Signature/IRB Chair:  Date: / ^  J / o / 9 ^
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P ro jec t Inform ation
1. In your opinion, does this project meet the requirements for Research Exempt from Review as outlined 
in Section B of the IRB Guidelines and Procedures?
■ Y es (Compkic jalbnnatim below X NO (Complete lofoniutioo below
tod mtimcb qDcniooMircAMUwmcat) mod aiiacb IRB Swmmmty, elevea itcnt)
2. Hum an Subjects. britiK : C o llege  aged m ales and fem ales who a re  ap p a ren t Icy  h e a lth y
and a c t iv e ,  and have a  VQ2 45 n l/k g /m lii.
Are any of the following included? Oiedt ail that appfy.
 Minors (voder OR i«) —. If YES, specify age range(s): ____________________
 M embers of physically, psychologically, o r soaalJy vmnerable population?
3 . How are  ajbjects selected /recru ited? *  p r « - p a r t ic ip e t io n  h . . l t h  q u . s t io o o a i r .  . e d
4. Identification of subjects in data.
JL  Anonymous, no identification. _  Identified by name and/or address or other
5. Subject matter or kind(s) of information to be compiled from/about subjects.
Dese/ibebriefly; h i s t o r y ,  p h y s io lo g ic a l  v a r ia b le s  (h e a rt r a t e ,  body v e le h c .  o lasna volume,
blood g lucose , co re te m p era tu re ) ' p sy c h o lo g ic a l v a r ia b le s  ( In fo  p ro c e ss in g  a b i l i t y )
Is information on any of the following included? Cheek oil fhat apply.
_ _  Sexual bchaWor Illegal conduct
_ _  Alcohol use/abuse x Drug use/abuse
lafonaaiion about the subject that, if it became kno '̂o outside u e  research, could reasonable place the subject at risk 
of criminal or dvil liability or be damaging to the subject's financial standing or emplo)'abiiity.
6. Means of obtaining the information. Check ail Aat apply.
Field/Laboratory observation „  Mail survey (Aiuch qvenwaiimWlfairumeiii)
Tissue/Blood sampling _On>site suney (Aiudi qvrnttiomimire/insirvmcM)
Measurement of motions/actions __ Examine public documents, records, data, etc.
 In-person ialerviewa/survey (Aiuch qaenionMWuutnimem)  Examine pri\ate documents, records, data, etc.
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_  Other means fsoecifvl: _ ____
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Informed Consent Form
The physiological and psychological effects o f 3 hydration techniques during long-term
moderate exercise in a heated environment
Principal Investigators: Julie Puchkoff Jacob Swan
Co-Investigators: Brent Ruby Ph.D. Brian Sharkey Ph.D.
Location: Human Performance Laboratory
McGill Hall #121
The University of Montana
Missoula MT 59812
The purpose of this study is to study the effects of three different hydrating techniques on 
physiological and psychological variables during long term moderate exercise in a heated 
environment
Participation in the study will include:
1) Orientation meeting and Pre-Screening Health Assessment. This will involve filling out a 
health/exercise history questionnaire, so that only apparently healthy, active individuals will 
be used for the study.
2) A graded treadmill test to exhaustion to determine maximal ability to consume oxygen. 
This will take place in the Human Performance Laboratory, McGill Hall #121 and requires 
one to run at progressively increasing speed and grade until exhaustion. During the test, a 
mouthpiece will be used to monitor gas exchange. A chest strap with electrodes will also be 
worn to determine heart rate.
3) Prior to the actual performance trials, subjects will be required to come to the Human 
Performance Laboratory on two separate occasions so that the mental performance test can 
be administered a minimum of three times. This will permit subjects to become familiar 
with the test and minimize the effects of the learning curve.
4) Three exercise trials approximately 3-4 hours in length consisting of treadmill walking 
and simulated line digging in a 90®F environment. Prior to this there will be required an 8 
hour period of no foods, liquids, caffeine, or tobacco products. Also, no exercise will be 
allowed 24 hours prior to each exercise trial. There will be a 90 minute pre-hydration
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period before the exercise trial where the subject will ingest one of three liquid solutions. 
Subjects will also be given either water or a carbohydrate drink throughout the trials. Both 
the investigators and the subjects will be blind as to which solution they are receiving.
Also, all solutions will taste the same so as to be indistinguishable from each other.
5) At set time points throughout the trial an intravenous catheter will be used for blood 
samples (each sample will be either 3mL (.6 tsp.) or 7 mL (1.4 tsp.), and the total amount 
collected per trial will be 44 mL (8.8 tsp.)); electrodes will be used to monitor heart rate; 
urine samples will be collected; nude body weight will be measured; a metabolic cart will be 
used for energy expenditure measurements; and a rectal thermometer will assess body core 
temperature. Urine collection and body weight will be obtained in the heat chamber with 
curtains over the windows to ensure privacy.
6) Mental Performance tests will be administered through the use of a tape recording at 
preset intervals throughout each trial. Tests will require the ability to add pairs of single 
digit numbers and verbally respond.
It is expected that some discomfort, such as muscular fatigue, will be felt during the 
exercise trial. Discomfort will be kept to a minumum by giving liquids throughout the trial, 
and following appropriate guidelines. Risks of participation are minimal and may include, 
but are not limited to: loss of consciousness and stroke (0.05% of the time), heart attack 
and death (0.005% of the time), musculoskeletal injury, or muscle soreness. These risks 
will be kept to a minimum by using appropriate guidelines, sterile instruments, and trained 
investigators. Blood sampling can sometimes be associated with risks of bruising (10%),
infection (<1%), and clotting problems (<1%). All testing and blood sampling will be
conducted by the principal investigators and other trained staff. Catheter insertions will be 
performed by Brent C. Ruby Ph.D. or other trained phlebotomists. All results and records 
will be kept confidential and locked in the Human Performance Laboratory under the 
supervision of the principal investigators.
In the event that you are injured as a result of this research you should individually seek 
appropriate medical treatment. If the injury is caused by the negligence of the University or 
any of its employees, you may be untitled to reimbursement or compensation pursuant to 
the Comprehensive State Insurance Plan established by the Department of Administration 
under the authority of M.C.A., Title 2, Chapter 9. In the event of a claim for such injury.
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further information may be obtained from the University’s Claims Representative or 
University Legal Counsel.
I have read the above statements and understand the risks involved with this study. Any 
questions which may have occurred to me have been answered to my satisfaction. I 
understand that if I have additional questions I can contact Jacob Swan at home (728- 
6768), Julie Puchkoff at home (549-8311), Brent Ruby at home (542-2513) or at the 
Human Performance Laboratory (243-2117) at any time. I understand that participation is 
strictly voluntary and that I may withdraw from participation at any time without penalty.
Name of Participant _____ ___________________
Signature of Participant _________________________ Date
(by signing, the subject certifies that 
he/she is at least 18 years of age) 
Investigator Signature   Date
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The physiological and psychological effects o f 3 hydration techniques during long-term
exercise in a heated environment
PRE-PARTICIPATION HEALTH QUESTIONNAIRE
NAME AGE
ADDRESS
PHONE h- . w-
IN  CASE OF EM ERGENCY CONTACT:
NAME  RELATION
ADDRESS
PHONE h- w-
MEDICAL HISTORY/ PHYSICAL PROFILE
1. Have you experienced any of the following: (check all that apply)
______ High Blood Pressure  Diabetes  Chest Pain
Heart Problems  Stroke  High Cholesterol
______ Family History of Heart Disease
2. Are you currently: (check all that apply)
______ A smoker
______ using non-prescription drugs (i.e.- aspirin)
If yes, what/how often?______________________________________________
Engaged in recreational drug use (i.e.- marijuana)
3. Are you currently under any prescribed medication (including oral birth control)?_
If yes, what?___________________________________________________
4. Have you ever experienced a head injury?________________________________
If yes, are there any lingering effects or symptoms?.
EXERCISE HISTORY
1. Describe the types of exercise that you currently do.
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2. How often do you do these types of exercise?
3. Do you have any bone or joint problems that may be aggravated by long term exercise? 
If yes, please explain.
MENSTRUAL HISTORY (females only)
1. When was your last menstrual cycle?(month, day)_____________
2. How many days separate your menstrual cycle? (i.e. 28,30)__________
3. Are the days between your cycles very regular? (i.e. always 28,30 days).
4. How many cycles do you average per year? (i.e. 1 per month)________
5. Would you explain your cycles as very regular? If not, explain._______
*** Is there anything that may limit your performance in the study that has not been asked?***
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NAME
SUBJECT V 02 MAX REPORT
M/F AGE
WEIGHT (lbs.). 
Pb (mmHg)___
VO^PEAK (L/min)____
VO 2  PEAK (ml/kg/m:n)
RER max______________
HR max_______________
min
1
speed (mphl
2.0
grade
10
2 2.0 10
3 2.0 10
4 2.0 10
5 3.0 10
6 3.0 10
7 3.0 10
8 3.0 10
9 4.0 10
10 4.0 10
11 4.0 10
12 4.0 10
13 4.5 10
14 5.0 10
15 5.5 10
16 6.0 10
17 6.5 10
18 7.0 10
19 7.5 10
20 8.0 10
HEIGHT (in)
Aerosport Start Time___
TEST
VO. (ml/kg/min) RER HR
SUMMARY DATA
50% VO 2  PEAK (ml/kg/min)_ 
TREADMILL SPEED @50%_ 
TREADMILL GRADE @50%
METRONOME _bpm
Heat Stress Trial
Name
Treadmill: grade
speed
Date
Temp
RH
Trial #
metronome 
Liquid Dur
Room Temp hi- 
fow-
Perf Time ____
-90 -5 30 60 90 120 150 180 (+10)
BW kg
Tymp Temp
V02
Drip Rate
Saline(ml/30min)
Liquid Ingested
RPE
0 15 30 45 60 75 90 105 120
Heart Rate
Core Temp
Room Temp
135 150 175 180
Heart Rate
Core Temp
Room Temp
URINE DATA
Name Date Trial #
Tîrïr6
Urine Volume mL
ünne Mass kg
ON
Heat Stress Trial
Name Date Trial #
-5 30 60 90 no 150 180
Hct
mean -
Hb
mean
Osmol
mean
Glucose
mean
8
Appendix II
Manuscript for submission to the European Journal of Applied Physiology and
Occupational Physiology
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Gender comparison of long-term exercise in a heated environment and three hydrating
strategies
Jacob G. Swan, Brent C. Ruby 
Department of Health and Human Performance 
McGill Hall — Room 109 
University of Montana 
Missoula MT 59812 
ph. - (406)243-4211 
fax -(406)243-2117 
email - swan@selway.umt.edu
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A bstract The purpose of this study was to examine gender physiological differences in 
response to long-term exercise in a heated environment. Ten trained subjects (5M, 5F) 
performed 180 minutes of treadmill walking at 50% of VO^ max followed by a 
performance measure. The trials took place in a heat chamber set at 32^ C and 30% relative 
humidity. Three hydration strategies were followed, with subjects serving as their own 
control. One strategy was ingesting water (21.4 ml kg^ BW) prior to exercise and water (5 
ml kg^ SOmin^) during. A second strategy was ingesting a glycerol solution (1 g kg^ BW + 
21.4 ml kg^ BW water) prior to exercise and water (5 ml kg^ SOmin^) during. A third 
strategy was ingesting water (21.4 ml kg^ BW) prior to exercise and a 7%-CHO solution 
(5 ml kg^ SOmin^) during. The data collected showed that females lost significantly less 
weight than males over the entire length of the trial (P < 0.05). When predicted to be 
working at 50% of VO^ max, females were working at a lower percentage of VO^ max 
during the trials (P < 0.05). A time by gender effect was found in %-change in plasma 
volume, with females losing less plasma volume than males (P < 0.05). Females were also 
found to sweat significantly less than their male counterparts (P < 0.05). No differences 
were found based on hydration strategy. It was concluded, based on the data, that females 
may have some advantageous physiological adaptations to an exercise-heat stress.
Key W ords Gender Body Fluids Sweating Plasma Volume Body Temperature 
Regulation
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Introduction
Early comparative studies between genders and their respective physiological response to 
exercise-heat stress have shown that females were at a disadvantage when dealing with heat 
stress. These studies did not take into account the subjects aerobic power differences which 
were most likely the cause of the differences in their response to the heat stress (Drinkwater 
1984). Recently, studies have shown that women may in fact be able to handle heat stress 
as well, if not better than, males (Wyndham et al. 1965; Avellini et al. 1980; Drinkwater 
1984; Anderson et al. 1995) Gender specific differences have been attributed to 
morphological differences, sweating mechanism differences, and to differences in the 
cardiovascular system.
Long-term exercise in the heat presents a great physiological stress on the body. Increased 
heart rate (Sawka et al. 1983), increased core temperature (Sawka et al. 1983), decreased 
work capacity (Saltin 1964), and decreased cognitive ability (Gopinathan et al. 1988) are 
but a few of the negative consequences to an exercise-heat stress. Some have proposed that 
females are better suited to this kind of activity. Research shows that females seem to have 
a lower sweating capacity than males (Fox et al. 1969; Davies 1979; Avellini et al. 1980; 
Drinkwater 1984) while experiencing the same changes in core temperature as males 
(Anderson et al. 1995). However, Millard etal. ( 1995) found that females had lower core 
temperatures when compared to males after a 40 km run in a hot humid environment. They 
attributed this finding, though, to sex-specific physiologic responses to a 7% carbohydrate 
- electrolyte beverage. It has been suggested that females have a higher sweat activation 
temperature than males, thus storing a greater amount of heat (Davies 1979). Contrary to 
this though, was a finding that the sweat activation temperature was similar in males and 
females (Brouha et al. 1960; Haslag and Hertzman 1965). Females have also been shown
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to work at a lower RER during long-term exercise, thus relying more on fat as a fuel source 
and less on muscle glycogen (Piehl 1995).
The purpose of this study was to compare the physiological response of similarly trained 
males and females in response to a 3-hour work bout at 50% VO^ max in a 32 
environment. Three hydration strategies will be used. One strategy was ingesting water 
(21.4 ml kg^ BW) prior to exercise and water (5 ml kg ‘ 30min'^) during. A second strategy 
was ingesting a glycerol solution (1 g kg'  ̂BW + 21.4 ml kg * BW water) prior to exercise 
and water (5 ml kg^ 30min^) during. A third strategy was ingesting water (21.4 ml kg^ 
BW) prior to exercise and a 7%-CHO solution (5 ml kg^ 30min^) during. No gender 
differences have been shown between glycerol and water use during exercise heat stress 
(Lyons et al. 1990; Murray et al. 1991; Riedesel et al. 1987). CHO use has shown a gender 
difference with core temperature and plasma volume losses (Millard et al. 1995).
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M ethods
Ten trained subjects (5M, 5F) completed the study. All testing took place in the same 
location during a period of 3 months in the spring. The experimental protocol was 
approved by the Institutional Review Board and thoroughly explained to the subjects prior 
to their participation. All subjects signed an informed consent form prior to any testing. All 
subjects were fit, as indicated by their training record, and were free of any physical or 
mental limitations that may have been aggravated by the study. Descriptive data is shown in 
Table 1.
Preliminary Measures
A multistage treadmill test was used to establish the submaximal exercise intensity used 
during the extended exercise trials. Prior to maximal testing, subjects were given 5 minutes 
of preliminary exercise, including light walking on the Quinton Q65 (Seattle, WA) 
motorized treadmill. A telemetry chest strap heart rate monitor (Polar, Port Washington, 
NY) was fitted to the subject to record heart rate every stage of the protocol. The test took 
place on a Quinton Q65 (Seattle, WA) motorized treadmill using the TEEM 100 (Aerosport 
Inc., Ann Arbor, Ml) metabolic system with the proper flow pneumotach. Prior to each test 
the metabolic system was calibrated with medically certified gases of known concentration. 
Metabolic data was collected every 20 seconds. The VO  ̂max protocol started the subjects 
at 2 mph with a 10% grade. Every four minutes the speed increased by 1 mph. After 12 
minutes, the speed increased by 0.5 mph every minute until volitional exhaustion is 
reached. For determination of submaximal intensity (50% of VO  ̂max) the VO^ data 
collected was graphed against speed and grade. A linear regression was used to establish 
the speed and grade equivalent to 50% of maximal VO^. The values obtained were then 
used during the long term exercise in the heat chamber. Attainment of VO  ̂max was 
interpreted as a plateau in VO^ values, RER >1.1, and volitional exhaustion. Max VO^ was 
calculated by averaging three 20 second values obtained during the plateau.
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Following the VOj max test, subjects were given a 5-10 minute rest. Subjects were then 
familiarized with simulated line building task using a special treadmill. The treadmill was 
designed to allow the measurement of work using the common wildfire tool (pulaski). 
Subjects were asked to proceed at a pace that could be performed for approximately 30 
minutes. A metronome was then set to mimic this pace. This pace was then used during the 
extended work bouts.
Extended Work Bout
All extended exercise testing took place in a dry sauna heat chamber located in the Human 
Performance Laboratory. Tests began at 0600 and subjects were given one week in 
between trials. Subjects refrained from strenuous activity for the 24 hours preceding each 
work bout. Subjects also refrained from the consumption of alcohol, caffeinated beverages, 
food, tobacco products, or fluids for no less than eight hours prior to testing. This 
standardized the subject’s hydration state and reduced the variability in baseline 
measurements of fluid-regulating hormones. All instruments used to collect data during the 
exercise trial were properly calibrated before any data collection. Temperature was set at
32.0 ± 0.4** C with 31.0 ± 3.8% relative humidity.
During the exercise trial, the subjects worked both on a motorized walking treadmill 
(Quinton Model 643, Seattle, WA) at 50% VOj max and simulated building at a previous 
self-selected pace. The exercise trial was initiated in the heat chamber following a 90 minute 
pre-hydration period. At time = 0 minutes, the subjects began treadmill exercise. The 
exercise trial was divided into three 60 minute sessions. Each session included two 25 
minute periods of walking on the treadmill, 5 minutes of simulated line building, and a 5 
minute seated rest period. Following the final 60 minute session and a 5 minute rest period.
70
subjects completed a performance test using the line building treadmill. Subjects were 
asked to complete 500 revolutions (s 800 m) as quickly as possible
Hydration Strategies
A 90 minute hydration period preceded each extended exercise session. Subjects were 
given one of two possible solutions (glycerol or placebo) during the pre-hydration period. 
The glycerol solution (Spectrum Inc., Gardena, CA) consisted of a dose of Ig of glycerol 
per kg of body weight (Ig glycerol/kg BW) mixed with 21.4 ml water/kg BW. The control 
(placebo) solution consisted of ingesting 21.4 ml water/kg BW. All solutions used liquid 
sweetener (Sweet’n Low, Brooklyn, NY) and artificial coloring to ensure that each 
beverage was similar in taste, color and consistency. Pre-exercise solutions were mixed 
prior to the trial and were divided into thirds for ease of consumption. A third was 
consumed every 30 minutes starting at time = -90 minutes.
During all trials, the subjects were given liquid to drink at 30 minute intervals. The ingested 
volume was adjusted to account for the volume of saline (.45 normal) required to keep 
catheter patency. The total amount of saline and water equated to 5 ml/kg every 30 minutes. 
During the CHO trial, subjects ingested a 7% CHO solution (maltodextrin) at 30 minute 
intervals following the above protocol.
Variables of I nterest 
Blood Work
Venous blood samples were obtained from the subjects at regular intervals throughout the 
trial. The initial sample was obtained just prior to the pre-hydration period for baseline 
measures by venopuncture (antecubital site). At time = -15 minutes subjects were prepared 
with a venous catheter inserted into an antecubital or forearm vein to obtain samples 
throughout exercise. Catheter was maintained by continues saline drip (.45 normal). The
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amount of saline required for patency was measured for the calculation of sweat rate and 
the amount of liquid given during the extended work bout. Samples were analyzed in 
triplicate for hematocrit, using a microcentrifuge (Jouan A13, Winchester, VA), and in 
duplicate for hemoglobin, using a spectrophotometer (Milton Roy Spectronic 401, 
Rochester, NY).
Core Temperature and Tympanic Temperature
Subjects were instructed to insert a rectal thermometer (YSI Precision 4000 A 
Thermometer, Yellow Springs, OH), prior to entering the heat chamber for the continuous
monitoring of core temperature (depth s  10 cm) every 15 minutes during exercise.
Tympanic membrane temperature was measured via a infrared temperature scanner 
(Exergen Corp., Natick, MA) every 30 minutes during the extended exercise trial.
Heart Rate
A heart rate monitor was fitted to the subject prior to entering the heat chamber to measure 
heart rate response during the long term work bout. Heart rate was recorded every 15 
minutes during the trial.
Oxygen Consumption
The TEEM 100 metabolic system was used to measure VO  ̂and RER every 30 minutes 
during the extended work bout starting at time = 25 minutes. The values obtained were then 
used to compute percentage of VOj max that the subjects were working at.
Urine Output
Urine output was measured as needed during the course of the entire trial, including the 
pre-hydration period. Urine output was weighed with a scale (Denver Instrument Co. 
A250, Arvada, CO) for use in computing sweat rate.
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Body Weight
Body weight was measured every 30 minutes during the trial starting at time = 0. Final 
body weight was compared to initial body weight to calculate the percent change in body 
weight.
Plasma Osmolality
Plasma osmolality was determined using freezing point depression (Precision Systems 
pOsmette Model 5004). Samples were analyzed in duplicate at all blood collection time
points. Before any samples were analyzed, the osmometer was calibrated against standards 
of known osmolality to ensure accurate results.
Calculations 
Sweat Rate
Sweat rate was interpreted as any change in body weight (BW) corrected for urine 
excreted, fluid volume consumed, and expiratory water loss (Murray et al. 1991). Sweat 
rate was calculated every 60 minutes during the exercise trial starting at time = 0. Densities 
of the fluids ingested and of the saline used to keep the catheter open were calculated to 
determine their respected mass. All urine output (kg) was weighed using a laboratory scale 
(Denver Instrument Co. A250, Arvada, CO) for use in computing sweat rate. Equation 1 
was used for the calculation of sweat rate during exercise trials. A nomogram was used for 
the calculation of body surface area (McArdle et al. 1996).Respiratory water loss was 
figured based on equation 2 (Mitchell et al. 1972). Water vapor pressure was found using 
equation 3 (Fox et al. 1993).
73
Plasma Volume
Plasma volume (PV) changes were calculated using the method of Dill and Costill (1974). 
Percent changes in plasma volume were calculated based on the average Hb and Hct values 
obtained and equation 4 (Latzka et al. 1996).
Analysis
Descriptive data is expressed as mean ± SD. The experimental design used was a double
blind repeated measures with comparisons being made between the subjects results 
obtained from their experimental and control trials. The variables of sweat rate, RER, 
%V0 2 , plasma volume shifts, body weight, core temperature, and heart rate were 
compared using 1 between, 2 within mixed design ANOVAs. The variables urine output 
and performance time were compared using a 1 between, 1 within mixed design ANOVA.
Statistical significance was determined at p^ 0.05. Significant interactions were analyzed
using Tukey’s post hoc testing. To determine the effect of trial order of subject acclimation, 
exercise heart rate was compared using a 2 within mixed design ANOVA.
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R esults
Each subject completed all experimental and control trials with no dropouts. Table 1 shows 
the descriptive data obtained. No statistical difference between the two genders for VO^
max was found. The average room temperature over all the exercise bouts was 32.6 ± 0.6
°C, and the relative humidity was 31.0 ± 3.8%. No significant difference in room 
temperature or relative humidity was found for either trial or gender.
For the variable of body weight loss expressed as a percentage of initial weight, the main 
effect for gender was found statistically significant (p = 0.025; Figure I). Females lost
2.65 ± 0.68%, whereas males lost 3.55 ± 0.56% over the length of the trial.
A significant difference was found in the oxygen consumption between the genders during 
the trial (Figure 2). Oxygen consumption was expressed as a percentage of VO  ̂max. The 
speed and the grade the subjects worked at during the extended work bout was set to equal 
the speed and grade equivalent to 50% of VO  ̂max. It was found that females were
working at 44.7 ± 3.3% of their respective VO  ̂max, while males were working at 51.0 ±
5.2% (p = 0.028). No main effect difference was found for differences in RER and gender
(p = 0.416). Females averaged .82 ± 0.03, and males averaged .83 ± 0.03.
A significant difference in sweat rate was also found between the genders (Figure 4). 
Females averaged 2.76 ± 3.76 g m ^min^ of sweat loss, whereas males lost 4.56 ± 4.01
g m^ min^ (p = 0.005). Although the time by gender interaction was not significant (p = 
0.067), males tended to demonstrate an elevated sweat rate at all time points (Figure 5).
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For the variable %-change in plasma volume, the main effect for gender was not significant 
(p = 0.448). Females averaged 2.74 ± 7.7%, whereas males averaged -0.01 ± 12.2%.
However, a time by gender interaction was significant (p = 0.009). Tukey’s post hoc 
testing indicated the difference occurred at time point = 180 (p < 0.05), with males 
averaging -3.64% change and the females averaged 2.98% change at that time point.
A significant main effect for gender was found for the variable tympanic temperature (p = 
0.049). Males averaged slightly lower than females, 35.9 ± .5 °C to 36.3 ± .5 
respectively.
No difference was found between genders for the variables of heart rate, plasma 
osmolality, performance time, core temperature, and urine output. These results are 
reported in Table 2 and Table 3.
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D iscussion
The data showed that the subjects were fit, so results obtained could not have been due to 
training responses. Subjects were assumed to be acclimated based on their heart rate 
response to trial order. Heart rate has been shown to be an indicator of acclimation to the 
heat. Subjects that are not acclimated will tend to have elevated heart rates compared to 
those that are acclimated (Wyndham et al. 1964; King et al. 1985). Since there were no 
significant changes in heart rate due to trial order, it is not likely that further acclimation 
occurred between trials. Drinkwater (1984) had proposed that many early studies involving 
gender differences were due to differences in aerobic power and fitness and not gender.
The present study showed no differences in aerobic power between the genders. An 
argument could be made that the present study did not take into account the menstrual phase 
of the female subjects. Menstrual phase has been shown to influence oral temperature and 
sweating rate by resetting the thermoregulatory set-point (Haslag and Hertzman 1965; 
Stephenson and Kolka 1994). Wells and Horvath (1973) concluded though, that there was 
no evidence to show that there was any altering of thermoregulatory response due to 
elevated basal body temperature during the luteal phase. They also concluded that, based on 
the finding of no differences in evaporative heat loss due to menstrual cycle, that there is no 
difference in water retention during each menstrual phase.
The data seemed to indicate that females are at a slight advantage during long-term exercise 
in a heated environment. One advantage was that females lost less of a percentage of their 
starting weight than did males. Weight loss as little as 2-3% has been shown to decrease 
maximal aerobic power, physical work capacity, and thermoregulation (Sawka 1992). 
Consequences become more severe as weight loss increases (Craig and Cummings 1966; 
Caldwell et al. 1984; Webster et al. 1988; Greenleaf 1992). Retaining more water, as 
indicated by having a decreased sweat rate, may explain why females lost less of a 
percentage of their initial weight than did males. Even though both male and female
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averages would be considered practically significant based on the above studies, it follows 
that males would suffer from more negative effects of body weight loss. These results 
seem to suggest that females tend to handle the negative effect of body weight loss during 
long term exercise in the heat better than males.
It is likely that the decreased sweat rate noticed in females resulted in the gender specific 
weight loss. Females were found to have a significantly decreased sweat rate than males. 
The rationale for the difference in sweat rate between the genders is unclear but could be 
due to the fact that females may have a significantly higher sweat gland density, whereas 
males tend to have a greater sweat output per gland (Buono and Sjoholm, 1988). It is also 
interesting to note that there were no differences in core temperature between genders, 
indicating that increased sweat gland density may more efficiently handle increases in core 
temperature than does increased sweat gland output.The similar core temperature response 
between genders, agrees with a previous study (Anderson et al. 1995). Millard et al.
( 1995) found that females had a lower core temperature following a 40 km run with CHO 
beverage compared to similarly trained males. This was attributed to a gender specific 
response to the CHO beverage. However, the present study suggests limited, if any, 
differences in core temperature with respect to beverage and gender. Since males and 
females respond to heat stress with similar core temperature, a greater sweat gland density 
may be an advantage during times of heat stress thereby decreasing the need for increased 
evaporative heat loss. It is likely that this would translate to an increased ability to retain 
plasma volume. The reason for this is unclear since it has been shown that with the use of 
androgens, females have demonstrated a similar sweat response compared to males. In 
contrast, when females have been given injections of estrogen, their sweating response 
decreased (Kawahata 1960). In contrast to the present study, Buono and Sjoholm (1988) 
described a similar sweat rate in males and females. They concluded that sweat rate was 
more a function of training status than gender.
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The difference in sweat rate may have also been a factor in the time by gender interaction 
found for the variable %-plasma volume change. The data showed that females were able to 
maintain plasma volume above resting values throughout the exercise session whereas the 
males dropped below resting levels, starting at time = 60. This finding may suggest another 
advantage for females. By maintaining plasma volume above 0, sweating response and 
cardiovascular function may be able to be maintained, providing added benefit during an 
exercise-heat stress.
Another advantage that may be indicative of females being more capable of handling long 
term exercise in a heated environment was the finding that females were working at a lower 
percentage of VO^ max than males when they were predicted to be working at the same 
percentage. Both genders followed the same protocol when determining submaximal 
exercise intensity. This finding may explain the above mentioned advantages found for 
females, but may also suggest an advantage to long-term low-intensity exercise for 
females. Females may have some physiological adaptation that allows them to perform low 
intensity exercise for long periods. This study may suggest differences in sweating, plasma 
volume changes, and body weight changes to be some of the adaptations. Piehl (1995) 
agreed with this hypothesis, but thought that it may have been due to a glycogen sparing 
effect. The present study found no differences in RER though. The reason for the 
decreased VOj is unclear and is in need of further study.
The only area that females were found to be at a disadvantage when compared to males, 
was that of tympanic temperature. This finding supports the idea that females store a greater 
amount of heat before reaching a thermal balance, as shown by their decreased sweating 
response (Davies 1979), thereby leading to an increase in tympanic temperature. The data 
did show no gender differences in core temperature though, suggesting that females do not
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store a greater amount of heat than do males. The use of tympanic temperature as a 
substitute for core temperature has received mixed reviews. Studies have shown that 
tympanic temperature correlates well with core temperature (Klein et al., 1993; Sato et al., 
1996) while others have given negative reviews (Deschamps et al., 1992; Hansen et al., 
1996; Roth et al., 1996). It could be argued that tympanic temperature could be of 
importance because that is the temperature of the blood at the brain, affecting cognitive 
ability. More research needs to be done in this area.
An interesting finding of the study was that no difference was found between genders and 
performance time. This is in contrast to a previous finding that women were at a 
disadvantage when performing work during heat exposure (Hertig 1963). They attributed 
this finding to females having a smaller cardiac reserve capacity. With a smaller cardiac 
reserve capacity, females would be less able to direct blood through the peripheral tissue. If 
this were the case, it would be expected that females would have a decreased ability for 
evaporative cooling and thus, an increase in core temperature. The present study did exhibit 
a decreased sweat rate for females but not an increase in core temperature.
The results of the present study seem to suggest that females may have some physiological 
advantages when performing long-term exercise in a heated environment. Females are more 
efficient sweaters, which may be a precursor to negating the effects of an exercise-heat 
stress, which agrees with Wyndham et ai. (1965). The idea that females are not able to 
perform endurance exercise for long periods in a heated environment on par with males 
should be reconsidered. Future research should be focus on gender sweat rate differences, 
and whether or not females are at an advantage during long-term low-intensity exercise.
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The experiments undertaken in this study complied with all University, state and national 
laws regarding experimentation.
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Table 1
Males Females
Height (m) 1 . 7 5  ± o.05 1.63 ± 0.04
Weight (kg) 80.8 ± 1 0 . 4  62.4 ± 4.5
Age (yr.) 27.0 ± 8 . 8  24.2 ± 2.8
VOj Max (ml kg ' min *) 5 3  9  + 7  7  5I.O ± 4.2
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Equation 1
Sweat Rate (g m'^ min^) = (BW^^h- Liquid Ing + Saline) - + Urine weight 4- Resp
Equation 2
Water Loss)
m, = 0.019 * VO^(L/min) * (44 - PJ
= rate of evaportative water loss (g/min) 
P̂  = water vapor pressure (mmHg)
Equation 3
P, = 13.955 - 0.6584T + 0.0419T^ 
T = temperature (^C)
Equation 4
%A PV = 100 *(Hbp^)(Hbp,J X 1 -H c t^ /10 ')( 1-Hctp„*10- )̂-  ̂-100
Table 2
60 120 180 Total
Heart Rate 
(bpm)
male 141 ± 14 144 ± 15 151 ± 16 144 ± 16
female 143 ± 9 145 ± 10 147 ± 11 143 ± 10
Plasma Osmolality 
(mOsm*kg H^O^)
male 285 ±9 282 ± 14 287 ± 10 282 ± 14
female 287 ± 20 287 ± 19 284 ± 16 283 ± 21
Core T emperature 
CO
male 37.6 ± 0.5 37.8 ± 0.2 37.9 ± 0.4 37.6 ± 0.4
femdle 37.9 ± 0.3 38.0 ± 0.2 38.0 ± 0.3 37.8 ± 0.5
VO
Table 3
Maies Females
Performance Time (min) 3.7 ±1.5 5.0 ± 1.6
Urine Output (L) 0.95 ± 0.39 0.75 ± 0.21
s
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Legends
Table 1 Descriptive Data of Subjects (n=10; mean ± SD)
Table 2 Variables of interest at given time points (mean ± SD) ; no main effect for 
gender,time or trial; Total column represents average over the entire trial 
Table 3 Variables of interest over the entire trial (mean ± SD); no main effect for gender, 
or trial
Figure 1 %-BW Change from Rest, using all time points averaged (* px 0.05, Males > 
Females ; main eff ect of gender)
Figure 2 %-V0 2  Max, using all time points averaged (* p< 0.05, Males > Females; main 
effect of gender
Figure 3 %-Plasma volume change from rest (* p< 0.05, Time by Gender interaction) 
Figure 4 Sweat Rate - ml kg^ min % using all time points averaged (* p< 0.05, Males > 
Females; main effect of gender)
Figure 5 Gender comparison of sweat rate and time 
Equation 1 Sweat Rate Calculation 
Equation 2 Respiratory Water Loss Calculation 
Equation 3 Water Vapor Pressure Calculation 
Equation 4 Plasma Volume Change Calculation
Appendix III
Statistical Results
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Type III Sums of Squares
Source
PLASMA VOLUME
df Sum of Squa... Mean Square F Value P-Value G-G H-F
GcndCT 1 273.24218 273.24218 .90468 .3694
Subject(Group) 8 2416.24334 302.03042
’Trial (PV)" 1 532.04511 532.04511 1.39810 .2710 .2710 .2710
'Trial (PV)" *  Gender 1 136.57707 l3é.577ô7 3 5 8 9 0 .5657 .5657 .5657
Trial (PV)" Subject(Gr... 8 3044.38914 380.54864
time2 3 1156.08362 385.3"6f3f 16.58500 .0001 .0002 .0001
time2 * Gender 3 176.96567 58.98856 2.53872 .0804 .1166 .0904
time2  ̂Subject(Group) 24 557.65248 23.23552
'Trial (PV)" * time2 3 156.40057 52.13352 3.10012 .0457 .0874 .0659
‘'■frial (PV)" time2 G e... 3 154.62047 51.54016 3.0648? .0473 .0893 .0677
'Trial (PV)" * time2 * Su... 24 403.598^3 16.81659
Count Mean Std. Dev. Std. Error
male
female
Placebo
Glycerol
48 1.53746 12.05167 1.73951
32 5.30991 8.13483 1.43805
Count Mean Std. Dev. Std. Error
40 .68110 8.44293 1.33494
40 5.41177 12.32411 1.94861
Count Mean Std. Dev. Std. Error
-5 20 10.26075 11.67090 2.60969
60 20 .13250 9.31876 2.08374
120 20 .67335 9.88294 2.20989
180 20 1.11915 9.34628 2.08989
Count Mean Std. Dev. Std. Error
Placebo, -5, male 
Placebo, -5, female 
Placebo, 60, male 
Placebo, 60, female 
Placebo, 120, male 
Placebo, 120, female 
Placebo, 180, male 
Placebo, 180, female 
Glycerol, -5, male 
Glycerol, -5, female 
Glycerol, 60, male 
Glycerol, 60, female 
Glycerol, 120, male 
Glycerol, 120, female 
Glycerol, 180, male 
Glycerol, 180, female
6 7.14350 11.23369 4.58614
4 3.59575 9.43030 4.71515
6 -1.33817 7.34434 2.99831
4 -3.61175 4.38284 2.19142
6 -2.68500 7.01909 2.86553
4 2.25025 8.84032 4.42016
6 -2.16450 8.06891 3.29412
4 3.14300 8.46991 4.23495
6 14.54767 15.53123 6.34060
4 15.17125 3.71539 1.85770
6 -2.52417 11.63505 4.74999
4 10.06775 6.81938 3.40969
6 -.73833 14.33975 5.85418
4 6.25150 6.65349 3.32675
6 .05867 13.08886 5.34350
4 5.61150 5.59193 2.79597
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Placebo, -5 
Placebo, 60 
Placebo, 120 
Placebo, 180 
Glycerol, -5 
Glycerol, 60 
Glycerol, 120 
Glycerol, 180
O Placebo 
■ Glycerol
Count
Time (min) 
Mean Std. Dev. Std. Error
10 5.72440 10.15425 3.21106
10 -2.24760 6.14392 1.94288
10 -.71090 7.74057 2.44778
10 -.04150 8.22166 2.59992
10 14.79710 11.77777 3.72446
10 2.51260 11.53217 3.64679
10 2.05760 11.91735 3.76860
10 2.27980 10.66876 3.37376
PERFORMANCE TIME
Type III Sums of Squares
Source d f  Sum o f  Squa. M ean Square F -V alue P-V alue G-G H-F
G ender 1 3 .4 7 7 7 8 3 .4 7 7 7 8 .80643 .3954
Subject(G roup)
._g.
34.5ÜÜ44 4.31256
Trial 1 .0 6 7 2 8 .0 6 7 2 8 .02665 .87 4 4 .8744 .8744
Trial * Gender 1 1 .20050 1 .20050 .47552 .5100 .5100 .5100
T n al * Subject(... 8 20.19672 2 .5 2 4 3 9
Dependent: Trial (PT)
Count Mean Std. Dev. Std. Error
male 10 4.18100 1.76669 .55868
female 10 5.01500 1.75986 .55652
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Count Mean Std. Dev. Std. Error
Placebo 10 4.65600 1.67018 .52816
Glycerol 10 4.54000 1.95135 .61707
7
6
5
4
3
2
1
0
-1
Placebo Glycerol
Trial
Count Mean Std. Dev. Std. Error
Placebo, male 5 4.48400 1.68939 .75552
Placebo, female 5 4.82800 1.82987 .81834
Glycerol, male 5 3.87800 1.98473 .88760
Glycerol, female 5 5.20200 1.87954 .84056
PLASMA OSMOLALITY
Type III Sums of  Squares
S ource d f Sum  o f  Squa... M ean Square F-V alue P -V alue G -G  H-F
G ender 1 14 .87813 14 .87813 .01864 8 9 4 8
S ubject(G roup) 8 6385.S000C 7 9 8 .1 5 0 0 0
Trials 1 1 373 .65312 1373 .65312 2 .1 9 3 3 5 .1769 .1769 .1769
T ria ls * G ender 1 S 79 .3781S 2 7 9 .3 7 8 1 S .44 6 0 9 .5230 .5230 .5230
T rials * Subject(... 8 5010.S500C 6S 6 .281S 5
tim eS 3 18S8 .83438 6 0 9 .6 1 1 4 6 3 .6 3 7 0 7 .0271 .0458 .0271
tim eS *  G ender 3 7 4 7 .7 3 4 3 7 2 4 9 .2 4 4 7 9 1.48705 .2433 .2542 .2433
tim eS * Sub ject(... S4 402S.6500C 1 6 7 .61042
T ria ls * tim eS 3 11S 0 .80938 3 7 3 .6 0 3 1 3 2 .3 6 4 4 5 .0962 .1185 .0962
T rials * tim eS * ... 3 6S 1 .08437 S 07 .0S 812 1 .31024 .2941 .2971 .2941
1 ria ls  ̂ tim eS * ... 24 379S.S0ÜÜI 158.00833
Dependent: Trial (Osm o)
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Count Mean Std. Dev. Std. Error
Placebo 40 278.88750 21.42653 3.38783
Glycerol 40 287.17500 12.31871 1.94776
Count Mean Std. Dev. Std. Error
-5 20 274.80000 19.22813 4.29954
60 20 286.62500 18.05101 4.03633
120 20 285.45000 17.69248 3.95616
180 20 285.25000 14.87624 3.32643
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Count Mean Std. Dev. Std. Error
Placebo, -5, male 
Placebo, -5, female 
Placebo, 60, male 
Placebo, 60, female 
Placebo, 120, male 
Placebo, 120, female 
Placebo, 180, male 
Placebo, 180, female 
Glycerol, -5, male 
Glycerol, -5, female 
Glycerol, 60, male 
Glycerol, 60, female 
Glycerol, 120, male 
Glycerol, 120, female 
Glycerol, 180, male 
Glycerol, 180, female
5 264.20000 16.98014 7.59375
5 265.30000 20.33654 9.09478
5 282.50000 7.89778 3.53200
5 289.70000 35.82527 16.02155
5 272.10000 14.21003 6.35492
5 289.50000 28.47806 12.73578
5 291.00000 6.87386 3.07409
5 276.80000 17.83816 7.97747
5 285.60000 7.14493 3.19531
5 284.10000 22.27218 9.96042
5 291.00000 8.17007 3.65377
5 283.30000 8.02029 3.58678
5 291.70000 11.93524 5.33760
5 288.50000 5.26783 2.35584
5 289.60000 12.06959 5.39768
5 283.60000 19.55569 8.74557
HEART RATE
Type III Sums of Squares 
Source df Sum of Squa. Mean Square F-Value P-Value G-G H-F
Gender 1 94.61250 94.61250 .06864 .8000
Subject(Group) 8 11027.50000 1378.43750
Trial2 1 122.51250 122.51250 1.49908 .2556 .2556 .2556
Trial2 * Gender 1 7.81250 7.81250 .09559 .7651 .7651 .7651
Tnal2 *  Subject(Gro... 8 653.80000 81.72500
time 3 l4o5.53750 468.51250 21.19566" .0001 .0001 .0001
time * Gender 3 72.33750 24.11250 1.09086 .5720 .3 6 7 6 3 7 2 Ô
time * Subject(Group) 24 530.50000 22.10417
Trial2 * time 3 228.63750 76.21250 2.77725 .0631 .0870 .0631
Trial2 time * (render 3 170.13750 56.71250 2.06666 .1313 . 1546 1313
Trial2 *  time Subj... 24 658:60000 27.44167
Dependent: Trial (HR)
Count Mean Std. Dev. Std. Error
Placebo 40 142.87500 14.18411 2.24271
Glycerol 40 145.35000 13.40025 2.11877
male
female
Count Mean Std. Dev. Std. Error
40 145.20000 16.19148 2.56010
40 143.02500 10.92278 1.72704
100
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O Placebo 
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Time (min)
Count Mean Std. Dev. Std. Error
30 20 138.35000 14.02357 3.13577
60 20 142.55000 12.52146 2.79988
120 20 145.80000 13.05696 2.91963
180 20 149.75000 13.78739 3.08295
Count Mean Std. Dev. Std. Error
Placebo
Placebo
Placebo
Placebo
Placebo
Placebo
Placebo
Placebo
Glycero
Glycero
Glycero
Glycero
Glycero
Glycero
Glycero
Glycero
30, male 
30, female 
60, male 
60, female 
120, male 
120, female 
180, male 
180, female 
, 30, male 
, 30, female 
, 60, male 
, 60, female 
, 120, male 
, 120, female 
, 180, male 
, 180, female
5 138.60000 19.93239 8.91403
5 140.00000 10.67708 4.77493
5 140.80000 17.62668 7.88289
5 141.40000 12.34099 5.51906
5 148.20000 20.53534 9.18368
5 142.00000 10.48809 4.69042
5 147.00000 13.61984 6.09098
5 145.00000 12.86468 5.75326
5 139.20000 17.10848 7.65114
5 135.60000 10.78425 4.82286
5 144.60000 12.44186 5.56417
5 143.40000 10.73778 4.80208
5 145.40000 12.79844 5.72364
5 147.60000 9.20869 4.11825
5 157.80000 17.07923 7.63806
5 149.20000 11.88276 5.31413
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Type III Sums of Squares
Source
%-BW CHANGE
df Sum of Squa... Mean Square F Value P-Value G-G H-F
Gender 1 .00050 .00050 9.54954 .0149
Subject(Group) 8 .00042 .00005
'Trial (%BW)" 1 .00003 .00003 1.93413 .2018 .2018 .2018
'Trial (%BW)" ^  Gender 1 .00001 .00001 .59151 .4639 .4639 4639
'Trial (%BW)" * Subjec... 8 .00012 .00002
Count Mean Std. Dev. Std. Error
Female
Male
Placebo
Glycerol
10 .02489 .00647 .00205
10 .03492 .00481 .00152
Count Mean Std. Dev. Std. Error
10 .02868 .00848 .00268
10 .03113 .00676 .00214
Count Mean Std. Dev. Std. Error
Placebo, Female 5 .02298 .00759 .00339
Placebo, Male 5 .03437 .00479 .00214
Glycerol, Female 5 .02679 .00524 .00234
Glycerol, Male 5 .03547 .00533 .00238
5 
2
6  oo
.04-, 
.035- 
.03 . 
.025- 
.02  '  
.015 . 
.01 
.005 
0
-.005
Placebo Glycerol
Trial
URINE OUTPUTS
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Type III Sums of Squares
Source df Sum of Squa. Mean Square F Value P-Value G-G H-F
G ender 1 .0 9 6 5 9 .09659 1 .58059 .2441
Subject(G roup) 8 .48 8 8 6 .06111
U O 1 .75 1 6 8 .75168 1 3 .41568 0 0 6 4 0 0 6 4 0064
UO  * G ender 1 .07 5 5 5 .07555 1 .34843 .27 9 0 .2790 .2790
UU  Subject(G ... 8 .44 8 2 4 .Ü36Ü3
Dependent; Trial (U O )
Count Mean Std. Dev. Std. Error
male 10 .88950 .38313 .12116
female 10 .75051 .22192 .07018
Placebo
Glycerol
Count Mean Std. Dev. Std. Error
10 1.01387 .29298 .09265
10 .62614 .19343 .06117
t
O
1 .4 -1  
1.2  -  
1 -  
. 8 -  
. 6 -  
. 4 -  
. 2 -  
0 
-.2
Placebo Glycerol
Treatment
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TYMPANIC TEMPERATURE
Type III Sums of Squares
Source df Sum of Squa... Mean Square F-Value P-Value G-G H-F
Gender 1 2 .0 4 8 0 0 2 .0 4 8 0 0 3 .6 7 8 0 8 .09 1 4
Subject(Group) 8 4 .4 5 4 5 0 .55681
"Trial (TT)" 1 3.52800 3.52800 6 .1 0 5 7 9 .0387 .0387 .0387
"Trial (TT)" * G... 1 .0 0 2 0 0 .00200 .00346 .9 5 4 5 .9545 .9545
"Trial (TT)" * S... 8 4 .6 2 2 5 0 .57781
time 3 .93300 .31100 1 .99706 .1413 1587 .1413
time Gender 3 .63700 .21900 1 .40629 .2653 .2715 .2653
time * Subject(G.. 2 4 3 .7 3 7 5 0 .15573
"Trial (TT)" * time 3 .48 9 0 0 .16300 2 .5 5 7 7 0 .07 8 9 .0968 0 789
"Trial (TT)" » ti... 3
"
.06 9 0 0 .0 2 3 0 0 .36 0 9 0 .7818 .7353 .7818
"Trial (’IT)" * ti. .. 1 .52950 ,06373
Dependent; Trial ('PT)
Count Mean Std. Dev. Std. Error
male 40 35.91500 .50462 .07979
female 40 36.23500 .50867 .08043
Placebo
Glycerol
Count Mean Std. Dev. Std. Error
40 35.86500 .51816 .08193
40 36.28500 .45492 .07193
Count Mean Std. Dev. Std. Error
30 20 35.92500 .56650 .12667
60 20 36.02000 .57179 .12786
120 20 36.18500 .38013 .08500
180 20 36.17000 .56578 .12651
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Count Mean Std. Dev. Std. Error
Placebo, 30, male 
Placebo, 30, female 
Placebo, 60, male 
Placebo, 60, female 
Placebo, 120, male 
Placebo, 120, female 
Placebo, 180, male 
Placebo, 180, female 
Glycerol, 30, male 
Glycerol, 30, female 
Glycerol, 60, male 
Glycerol, 60, female 
Glycerol, 120, male 
Glycerol, 120, female 
Glycerol, 180, male 
Glycerol, 180, female
5 35.50000 .59582 .26646
5 35.98000 .71903 .32156
5 35.50000 .37417 .16733
5 35.94000 .62290 .27857
5 .36.12000 .13038 .05831
5 36.06000 .42190 .18868
5 35.68000 .43818 .19596
5 36.14000 .45607 .20396
5 35.92000 .39623 .17720
5 36.30000 .30000 .13416
5 36.08000 .38341 .17146
5 36.56000 .40373 .18055
5 36.24000 .37815 .16912
5 36.32000 .54498 .24372
5 36.28000 .66858 .29900
5 36.58000 .38341 .17146
CORE TEMPERATURE
Type III Sums of Squares
Source df Sum of Squa... Mean Square F-Value P-Value G-G H-F
Gender 1 1.33644 1.33644 2.36754 .1624
Subject(Group) 8 4.51590 .56449
" Trial (Tc)" 1 .04900 .04900 .53609 .4850 .4850 .4850
"Trial (To)" *(3... 1 .01624 .01624 .17771 .6844 .6844 .6844
"Trial (Tc)" * Su... 8 .73130 .09141
time 3 4.76258 1.58753 30.82124 0001 .0001 .0001
time Gender 3 .30829 .10276 1.99515 . 1416 1853 .1733
time * Subject(G.. 24 1.23618 .05151
"Trial (Tc)" * time 3 .29910 .09970 1.65157 .2040 .2209 .2040
"Trial (Tc)" * ti... 3 .32018 .10673 1.76797 1801 .2000 .1801
"Tnal (Tc)" * ti... ' 24 1.44878 .06037
Count Mean Std. Dev. Std. Error
40 37.65300 .46100 .07289
40 37.91150 .37207 .05883
Dependent; Trial (To)
male
female
Placebo
Glycerol
Count Mean Std. Dev. Std. Error
40 37.80700 .35166 .05560
40 37.75750 .51021 .08067
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Count Mean Std. Dev. Std. Error
30 20 37.38800 .38022 .08502
60 20 37.77400 .52331 .11702
120 20 37.95500 .24640 .05510
180 20 38.01200 .24687 .05520
Count Mean Std. Dev. Std. Error
Placebo, 30, male 
Placebo, 30, female 
Placebo, 60, male 
Placebo, 60, femeile 
Placebo, 120, male 
Placebo, 120, female 
Placebo, 180, male 
Placebo, 180, female 
Glycerol, 30, male 
Glycerol, 30, female 
Glycerol, 60, male 
Glycerol, 60, female 
Glycerol, 120, male 
Glycerol, 120, female 
Glycerol, 180, male 
Glycerol, 180, female
5 37.24400 .24835 .11107
5 37.62400 .40630 .18170
5 37.77600 .38972 .17429
5 37.98800 .24273 .10855
5 37.84400 .20562 .09196
5 38.07600 .11866 .05307
5 37.90400 .23212 .10381
5 38.00000 .16492 .07376
5 37.26800 .33033 .14773
5 37.41600 .48609 .21738
5 37.32800 .78340 .35035
5 38.00400 .32292 .14442
5 37.83600 .24755 .11071
5 38.06400 .32323 .14455
5 38.02400 .30770 .13761
5 38.12000 .29017 . 12977
SWEAT RATE
Type III Sums of Squares 
Source df Sum of Squa. Mean Square F-Value P-Value G-G H-F
UchcIct 1 75.32497 11.94487 .0086
Subject(Group) K 50.44841 6.30605
'Trial (SR)" 1 1.47563 1.47563 .63295 .4492 .4492 .4492
Trial (SR)" * Gender 1 1.02938 1.02938 .44154 .5251 5251 .5251
'Trial (S R )" * Subje... È 18.65073 2.33134
time2 3 d26.45l82 208.81727 32.54317 .0001 .0001 .0001
time2 *  Gender 3 37.03694 12.34565 1.92401 .1526 .1872 .1697
time2 *  Subject(Gro... 24 153.99895 6.41662
'Trial (SR)" * time2 3 18.85102 6.28367 .61272 .6134 .5343 .5844
"'Inal (SR) " *  time2... 3 18.11505 6.03835 .58880 .6283 .5460 .5981
'Trial (SR)" *  time2... 24 246.12862 10.25536
Dependent: Trial (SR)
Count Mean Std. Dev. Std. Error
male 40 4.48829 3.77560 .59698
female 40 2.54760 3.97503 .62851
106
Count Mean Std. Dev. Std. Error
Placebo 40 3.38213 4.44146 .70226
Glycerol 40 3.65376 3.49616 .55279
Count Mean Std. Dev. Std. Error
-5 20 -.17917 1.00003 .22361
60 20 3.58121 3.42435 .76571
120 20 7.68513 2.87376 .64259
180 20 2.98460 3.42091 .76494
Count Mean Std. Dev. Std. Error
Placebo, -5, male 
Placebo, -5, female 
Placebo, 60, male 
Placebo, 60, female 
Placebo, 120, male 
Placebo, 120, female 
Placebo, 180, male 
Placebo, 180, female 
Glycerol, -5, male 
Glycerol, -5, female 
Glycerol, 60, male 
Glycerol, 60, female 
Glycerol, 120, male 
Glycerol, 120, female 
Glycerol, 180, male 
Glycerol, 180, female
5 .15108 .87881 .39302
5 -.65630 1.25381 .56072
5 4.37516 1.77209 .79250
5 .93696 5.12049 2.28995
5 8.01098 3.56636 1.59492
5 8.13516 3.58901 1.60505
5 5.32640 3.20241 1.43216
5 .77760 3.79548 1.69739
5 .02278 1.28708 .57560
5 -.23424 .52313 .23395
5 4.79506 3.76270 1.68273
5 4.21766 .55279 .24722
5 ' 8.46742 2.83621 1.26839
5 6.12698 1.18246 .52881
5 4.75740 1.84293 .82418
5 1.07700 2.47168 1.10537
